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GENERAL OVERVIEW OF CTS 
Carpal tunnel syndrome (CTS) is caused by compression of the median nerve in the carpal 
tunnel (Figure 1). Compression of the median nerve in the carpal tunnel is characterized 
LÞ «>] ÕLiÃÃ >` «>À>iÃÌiÃ>  Ìi wÀÃÌ ÌÀii `}ÌÃ >` Ìi À>`> Ã`i v Ìi
fourth digit, diminished range of motion of the thumb and weakness of the thenar muscles 
(Figure 2).1-4
Figure 1 Systematic representation of the carpal 
tunnel.
Figure 2 Symptomatology of CTS; numbness 
>` «>  Ìi wÀÃÌ ÌÀii `}ÌÃ >` Ìi À>`>
side of the fourth digit, and hypotrophy of the 
thenar muscles. 
With a prevalence of 4.9%, CTS is the most common compression neuropathy and it 
V>V>ÕÃiÃ}wV>Ì«>ÀiÌvÌi>`vÕVÌ°5,6 Due to the high prevalence and 
incidence,Ç
/-V>ÕÃiÃ>Ã}wV>ÌÃViVVLÕÀ`i°/iÃÌVÞÀi«ÀÌi`
compensation claim for damage of work-related disorders is CTS,8 and together with 
hearing loss, CTS accounts for more absence days of work than any other disease in the 
United States.9
 /iÃi `>Ì> ÕÃÌÀ>Ìi Ì>Ì 
/- >Ã > >À «>VÌ  ÃViÌÞ] ÕvÀÌÕ>ÌiÞ Ìi
exact pathophysiology is often unknown and, in addition, there is no golden standard 
vÀ`>}Ã}
/-° /Ã>iÃ Ì `vwVÕÌ Ì`iÛi««ÀiÛiÌÛii>ÃÕÀiÃ >``iV`i
for appropriate treatment. The aim of this thesis is to gain more knowledge about the 
pathophysiology of CTS and investigate if ultrasound is a potent tool to diagnose CTS.
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HISTORY AND DEFINITION OF CTS 
ƂÌ Ìi i` v Ìi £Ì ViÌÕÀÞ Ìi wÀÃÌ `iÃVÀ«ÌÃ  i`> iÀÛi V«ÀiÃÃ
symptomatology were published and various hypotheses were suggested to explain 
the pathophysiology.10-12 Putnam advocated that altered blood supply caused damage 
to the small nerve ends and recommended therapies like galvanic current, phosphorus, 
strychnine, potassium bromide and cannabis.11 Others thought that CTS was caused by 
compression of the brachial plexus at the level of the thoracic outlet and advised surgical 
resection of the cervical rib as a treatment for CTS.13>vÜ>ÞÌiÓäÌViÌÕÀÞ]	À>iÌ>°
ÜiÀiÌiwÀÃÌÌ«ÕLÃ>>VVÕÀ>Ìi`iwÌv
/-°14 They concluded that the tingling 
>`«>À>iÃÌiÃ>ÌiwÀÃÌÌÀii` }ÌÃ>`Þ«ÌÀ«ÞvÌiÌi>ÀÕÃViÃÜiÀiV>ÕÃi`
by median nerve compression in the wrist.
PATHOPHYSIOLOGY OF CTS

«ÀiÃÃvÌii`>iÀÛiÃÌiÀiÃÕÌv>Õ`iÀÞ}VyVÌLiÌÜiiÌiVÌ>iÀ
Ãâi­ÌiV>À«>ÌÕi®>`ÌiÛÕivÌÃVÌiÌÃ­Ìii`>iÀÛi]ÌiyiÝÀÌi`Ã
>`ÃÕÀÀÕ`}ÌÃÃÕi®V>ÕÃ}Ìi«ÀiÃÃÕÀiÌÀÃi  ÌiV>À«> ÌÕi° > viÜV>ÃiÃ
the onset of CTS can be explained based on a clear cause-effect relation. For example, a 
ganglion or aberrant muscles in the carpal tunnel can increase the volume of the carpal 
tunnel, and wrist fractures may alter the anatomy of the carpal tunnel and thereby reduce 
the carpal tunnel volume.£x£ÇÌiÀ
/-«>ÌiÌÃ]Õ`iÀÞ}ÃÞÃÌiV` Ãi>ÃiÃV>>vviVÌ
the volume of the carpal tunnel contents through different mechanisms.18,19 Diabetes, for 
example, is thought to increase the volume of the median nerve by increasing collagen 
deposition in the nerve and decreased elasticity may further cause nerve irritation.20,21 
Þ«ÌÞÀ`ÃV>V>ÕÃiÞÝi`i>]ÜV`ÀiVÌÞ VÀi>ÃiÃV>À«> ÌÕi«ÀiÃÃÕÀi°22 
*Ài}>VÞ i>`ÃÌ VÀi>Ãi`yÕ`ÀiÌiÌÌ>ÌVÕ`V>ÕÃi>`ÀiVÌ VÀi>Ãi V>À«>
tunnel pressure as well.23Ƃ`«>ÌiÌÃÜÌÀiÕ>Ì`>ÀÌÀÌÃÌiÃÞÛÌÃÃÌÕ}Ì
to increase the volume of the carpal tunnel contents.24ÜiÛiÀ]Ìi>ÀÌÞvV>ÃiÃÌi
«>Ì«ÞÃ}Þv
/-ÃÕÜ°/ÃÌÞ«iv
/-Ã>ÃÜ>Ã`«>ÌV
/-°
ÌiÃiV>ÃiÃ]ÛLÀ>Ì>`Ài«iÌÌÛiÌ>ÀiVÃ`iÀi`Ã}wV>ÌVÌÀLÕÌ}v>VÌÀÃ
to CTS.25,26 Repeated mechanical stress due to tendon motion causes micro-damage of the 
ÌÃÃÕiÃÕÀÀÕ`}ÌiyiÝÀÌi`Ã>`iÀÛiÜÌÌiV>À«>ÌÕi°ÓÇÓ This tissue is 
>ÃÜ>ÃÌiÃÕLÃÞÛ>ViVÌÛiÌÃÃÕi­--
/®­}ÕÀiÎ>`{®°`>>}i`--
/
ÌiÃ>ÌiÀViVÌ}wLÀiÃ>ÀiÀi«>Vi`LÞÌViÀ«>À>iwLÀÕÃLÕ`iÃ°30-32 Fibrotic 
SSCT ruptures at smaller strains during tendon excursion.33 The failure of SSCT at smaller 
tendon excursions ensures a vicious cycle.34,35
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1
The SSCT
The SSCT is the tissue surrounding the nerve and the tendons within the carpal tunnel 
(Figure 3). 
Figure 3Õ>V>`>ÛiÀyiÝÀÌi`Ã>`--
/°
/i--
/VÃÃÌÃvÕÌ«iwLÀÕÃ>ÞiÀÃÜÌÌiÀViVÌ}V>}iÕÃwLÀiÃÌ>Ì
facilitates tendon motion by sliding layer-by-layer smoothly and separately whereby 
Ìi`ii«>ÞiÀÃVÃiÌÌiÌi`ÛiwÀÃÌ>vÌiÀÜVÌiÀiÃÕ«iÀwV>>ÞiÀÃ
vÜ°/Ã«ÀiÛiÌÃ`ÀiVÌ>LÀ>ÃLiÌÜiiÌii`>iÀÛi>`Û}yiÝÀ
tendons (Figure 4). 
 Damage to the SSCT can cause median nerve irritation in various ways. Due to 
damage, the SSCT’s function to prevent abrasion between the median nerve and 
Û}yiÝÀÌi`ÃÜ}iÌ«>Ài`]ÓÇ]ÎÈ which can result in irritation of the median 
nerve. Next, oedema, thickening of the SSCT,ÎÇ increased absorption capabilities of 
the SSCT,38>`«>Ài`ÛiiÌvÌiÀÃÌÌ>yÕ`ÜÌÌiV>À«>ÌÕi>Ã>
result of the SSCT healing and repair process can increase carpal tunnel pressure,39 
which can cause nerve compression and thereby irritate the median nerve as well.
Figure 4 ƂÃ«wi``ivÌivÕVÌv--
/`ÕÀ}Ìi`Ì°7iÌi`Ã>Ài
Ài>Ýi`ÃÌ>Ìi]Ìi--
/wLiÀÃ>ÀiÃiÞViVÌi`°ƂÃÌiÌi`ÛiÃ]Ìi--
/ÃÌÀiÌViÃ
layer-by-layer.
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DIAGNOSIS OF CTS 
Due to the incomplete understanding of the pathophysiology of CTS, its diagnosis is 
presently based on evaluation of symptoms through clinical assessment, supported by 
iÀÛi V`ÕVÌ ÃÌÕ`iÃ ­ 
-®°  
- V> i« Ì VwÀ Ìi `>}ÃÃ >` iÝVÕ`i
other pathologies.40`iÀ 
-iÌ`Ã >ViÛi > } ÃiÃÌÛÌÞ >` Ã«iVwVÌÞ 
clinical populations.41ÜiÛiÀ]ÌiÃiÃÌÛÌÞv 
-ÃÜÜiV«>Ài`ÜÌVV>
`>}ÃÃ° Ƃ««ÀÝ>ÌiÞÓx¯v«>ÌiÌÃÜÌiÛ`iÌ
/-ÃÞ«ÌÃ>Ûi>i}>ÌÛi
NCS test result.42ÌÃÕ`LiÌi`]ÜiÛiÀ]Ì>Ì>ÃÕVÃÌÕ`iÃ>Ài>«iÀi`LÞÌi
fact that clinical diagnosis is clearly not infallible either. 
 ƂÕLiÀvÀiViÌÃÌÕ`iÃ>ÛiÃÜÌ>Ì>}}vÌii`>iÀÛiV>«ÀÛ`i
important diagnostic information. These studies used computed tomography (CT), 
>}iÌVÀiÃ>Vi>}}­,®>`ÕÌÀ>ÃÕ`°{Î{Ç«>ÀÌVÕ>ÀÌi>Ài>i>ÃÕÀiiÌ
of the median nerve was found to be a promising diagnostic measurement with sensitivities 
À>}}vÀÈxÌÇ¯>`Ã«iVwVÌiÃÀ>}}vÀÇÎÌn¯°48 The advantage of using 
imaging modalities is that abnormalities in the carpal tunnel can be visualized and that the 
imaging modalities may help to predict the effect of treatment.£x£Ç]{
 1ÌÀ>ÃÕ`Ã>VÀi>Ã}ÞÕÃi`>}}`>ÌÞÌVwÀÌiVV>`>}ÃÃv
CTS.50,51 Ultrasound has several advantages compared to other imaging modalities, including 
its low cost and capability of detecting underlying pathology. Furthermore, ultrasound is 
often already used in staging associated disorders (e.g., rheumatoid arthritis).52-55 Lastly, it 
ÃÀiÃÕÌ>LiÌ>,>`
/ÌÛiÃÌ}>Ìi`Þ>VÃvÃÌÀÕVÌÕÀiÃÜÌÌiV>À«>
tunnel in relation to wrist and hand movement since it is capable of real-time imaging.
TREATMENT OF CTS
There are surgical and non-surgical therapies for CTS. The therapy of preference depends 
ÃiÛiÀ>v>VÌÀÃ°`V>ÃiÃ]ÃÕÀ}V>ÌÀi>ÌiÌÃÌ>Ìi`>`VÃÃÌÃ>Þv
Ã«Ì}v ÌiÜÀÃÌ>`VÀÌVÃÌiÀ` iVÌÃ°ÜiÛiÀ] ÌiiÛ`iViÃ«ÌÕÃi
during the night compared to no treatment is limited.56vviVÌÛiiÃÃvVÀÌV`iVÌÃ
Ü>Ã«ÀÛi ÌLiivviVÌÛi  >««ÀÝ>ÌiÞ ÇÇ¯v Ìi«>ÌiÌÃ°xÇ Moreover, its effect 
>ÞLi Ìi«À>ÀÞ >` Ài Ì> Ó Ì Î iVÌÃ>ÝÕ >Ài ÀiVi`i`°2 
When non-surgical treatment fails, or in case of severe CTS, surgery is generally indicated. 
Decompression through an open or endoscopic carpal tunnel release is effective in about 
ÈxÌÇx¯vÌi«>ÌiÌÃ°1,58 Similar effectiveness has been established for endoscopic and 
open surgical techniques.59
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1
OUTLINE OF THIS THESIS 
/ÃÌiÃÃVÃÃÌÃvÌÜ«>ÀÌÃ°*>ÀÌvVÕÃiÃLiV>V>>``Þ>V>Li>ÛÕÀ
of the SSCT and the relation between (high-velocity) tendon gliding and SSCT damage. 
*>ÀÌvVÕÃiÃ«ÃÃLiV>}iÃ`Þ>VÃvÌii`>iÀÛi]yiÝÀÌi`Ã]>`
SSCT in CTS patients using ultrasound and the potential of ultrasound as diagnostic tool 
is investigated (Figure 5). 
Figure 5 Outline of this thesis. Excessive motion is a risk factor for CTS. Excessive motions are high- 
velocity and highly repetitive motions.60-63«>ÀÌÜiÛiÃÌ}>ÌiÌiivviVÌv­}ÛiVÌÞ®Ìi`
excursion on biomechanical and dynamical behaviour of the SSCT and on generating SSCT damage, 
which is thought to play a key role in the pathogenesis of CTS.ÓÇ Damaged SSCT needs to be repaired. 
ÕÀ} Ìi Ài«>À «ÀViÃÃ `>>}i` --
/ Ã Ài«>Vi` LÞ ÌVii` wLÀÌV --
/] ÜV «>ÀÃ
ÛiiÌvÌiÀÃÌÌ>yÕ`ÜÌÌiV>À«>ÌÕi>`i>`ÃÌVÀi>Ãi`>LÃÀ«ÌV>«>LÌiÃv
the SSCT.ÎÇÎ This can all generate increased carpal tunnel pressure and thereby compress the median 
iÀÛi° >``Ì]ÌiwLÀÌV--
/>ÞV>ÕÃi>`iÀiVivÌii`>iÀÛiÌÌiÀÃÌÀÕVÌÕÀiÃ
and thereby irritating the median nerve or it may lead to complete disconnection of the SSCT and the 
>`>ViÌi`>iÀÛi>`yiÝÀÌi`°ÓÇ]È{]Èx The increased carpal tunnel pressure and adhesions or 
`ÃViVÌvÌi--
/ÜÌ>`>ViÌÌÃÃÕiÃ>Þ>vviVÌ`Þ>V>Li>ÛÕÀvÌiyiÝÀÌi`Ã]
median nerve and SSCT in the carpal tunnel. Studying the dynamics of carpal tunnel contents is 
therefore valuable for getting a better understanding of CTS and may make ultrasound a valuable 
`>}ÃÌVÌiÃÌ­«>ÀÌ®°
Part I. A possible link between hand motions and CTS onset
Phalen already reported during the 1960s on CTS symptoms being aggravated by 
repeated and forceful hand and wrist motions.66 ÜiÛiÀ] Ì Ü>Ã Ì ÕÌ Ìi £näÃ
that the relation between hand and wrist motion and the incidence of CTS was more 
extensively investigated.ÈÇ Since then various epidemiological studies have investigated 
Introduction14
exposure-response relations and the occurrence of CTS mainly in the working population 
and conveyed that repetitiveness and hand vibration were related to a higher incidence of 
CTS.60-63,68,69
 }iÀÌi`iÝVÕÀÃÛiVÌÞ>ÞVÀi>ÃiÌi>ÕÌv--
/`>>}i>`>vviVÌ
--
/` Ã«>ViiÌ°
>`>ÛiÀÃÌÕ`iÃ>ÛiÃÜÌ>ÌwLÀÃvÌi--
/V>ÀÕ«ÌÕÀi` ÕÀ}
excursions within the physiological range of motion at low-velocity tendon excursions.Ó]Çä 
}ÛiVÌÞ Ìi`Ì VÕ` i>` Ì }iÀ ÃÌÀ> À>ÌiÃ v Ìi --
/] >` }iÀ
strain rates can decrease failure strain in tissues having a viscoelastic respons,Ç£ as SSCT is 
ÌÕ}ÌÌ«ÃÃiÃ°>``Ì]v>ÃÌiÀÃÌÀ>À>ÌiÃi>`ÌVÀi>Ãi`ÃÌvviÃÃÛÃVi>ÃÌV
materials.ÇÓÇ{ Therefore, the SSCT may be more prone to damage at higher tendon 
excursion velocities.
 chapter 2 we evaluate an experiment in human cadaver hands hypothesizing that 
Ìi--
/`>>}iÌÀiÃ`ÃÜiÀi`LÞ}iÀÌi`iÝVÕÀÃÛiVÌiÃ°chapter 
3 we investigate in depth the effect of tendon excursion (velocity) in human cadaver 
hands and try to delineate the different components involved in gliding resistance, with 
Ã«iV>>ÌÌiÌvÀ}`}ÀiÃÃÌ>ViV>ÕÃi`LÞÌi--
/°chapter 4 we investigate 
in vivo directly and indirectly the effect of tendon excursion velocity on respectively the 
i`>iÀÛi>`--
/`Ã«>ViiÌLÌi>ÌÞÃÕLiVÌÃ>`
/-«>ÌiÌÃ°/iÃi
investigations contribute to a better understanding of carpal tunnel content dynamics and 
the onset of CTS in relation to (high-velocity) tendon excursion. 
Part II. Evaluation of dynamical changes of the carpal tunnel contents in CTS 
patients using ultrasound
 Û>ÃÛi } vÀiµÕiVÞ ÕÌÀ>ÃÕ` >}} Ã > }Þ ÃÕÌ>Li Ì Ì LiVÌÛiÞ
i>ÃÕÀi`Þ>V>Li>ÛÕÀvÌii`>iÀÛi]yiÝÀÌi`Ã>`--
/ÌiV>À«>
tunnel. The rationale behind investigating dynamical behaviour of these structures is that 
this may be affected by changes in the volume of the carpal tunnel contents, increased 
«ÀiÃÃÕÀiÜÌÌiV>À«>ÌÕi]V>}i`V>À«>ÌÕiÃ>«i>`wLÀÃÃvÌi--
/°Î{]Çx 
>``Ì]V>À«>ÌÕiÀii>Ãi>vviVÌÃ`Ã«>ViiÌvÌi--
/>`Ìi>ivviVÌv
carpal tunnel release is considered to be a decreased carpal tunnel pressure.ÇÈnÎ Thus, if 
a decrease of carpal tunnel pressure affects dynamics of the structures within the carpal 
tunnel, an increase of pressure is likely to affect dynamics as well. 
 }ÀiÃÕÌÕÌÀ>ÃÕ`>ÜÃ«ÀiVÃi>}}>`Ã>ÃÕÌ>LiÌÌÛiÃÌ}>Ìi
carpal tunnel dynamics in vivo, though the image quality and therefore the interpretation 
of the images are rater-dependent.84 Therefore, before investigating dynamical behaviour 
of the carpal tunnel structures using ultrasound, we investigated the reliability of the 
ÕÌÀ>ÃÕ`L>Ãi`i>ÃÕÀiiÌÃ°ƂÃ>ÕLiÀvÃÌÕ`iÃ>ÛiÛiÃÌ}>Ìi`ÌiÀi>LÌÞ
of ultrasound measurements at the level of the wrist in the transverse plane.nxnÇÜiÛiÀ]
these studies have focused on the median nerve, investigated solely the reliability of static 
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i>ÃÕÀiiÌÃ]>`ÉÀ``ÌiÝ>iÌiÀÀ>ÌiÀ>`ÌÀ>À>ÌiÀÀi>LÌÞ­/>Li£®°ƂÃ]
the reliability of longitudinal displacement measurements has scarcely been investigated. 
Therefore, we conducted studies to investigate the intrarater, interrater and re-test reliability 
of dynamic ultrasound measurements at the wrist level (chapter 5 and 8).
 7i>Ã>i`ÌÀiÛi>Ìi`Þ>V>Li>ÛÕÀvV>À«>ÌÕiVÌiÌÃ°ƂÃvÀ
Ì`>ÞÕV ÃÕÜ>LÕÌ Ìii`>iÀÛi]yiÝÀ Ìi`Ã>`--
/`Þ>VÃ 
ÌiV>À«>ÌÕiviÌiÀi>ÌÞÃÕLiVÌÃÀ
/-«>ÌiÌÃ°34,88-91 Measuring shape and 
`Ã«>ViiÌvÌiiÀÛi]Ìi`Ã>`--
/i>ÌÞÃÕLiVÌÃ>`
/-«>ÌiÌÃ>Þ
«ÀÛ`iÕÃivÕvÀ>Ì>LÕÌ«ÃÃLi`Þ>V>V>}iÃ
/-«>ÌiÌÃ°chapter 
5, 6 and 7ÜiÛiÃÌ}>ÌiÌi`ivÀ>Ì>`LÌÞvÌii`>iÀÛi>`yiÝÀ
Ìi`ÃÌiVÀÃÃÃiVÌ>«>i`ÕÀ}`vviÀiÌ>`>`ÜÀÃÌÌÃ°chapter 8 
ÌiV>À«>ÌÕiÃvi>ÌÞÃÕLiVÌÃ>`
/-«>ÌiÌÃÜiÀi>}i`LÌÌiÌÀ>ÃÛiÀÃi
as well as the longitudinal plane. The most useful parameters for diagnosing CTS are 
`iwi`L>Ãi`ÌiÃi`vviÀiÌÛiÜÃÌÌiV>À«>ÌÕi°
 -Õ>Àâ}] Ìi > v ÌÃ ÌiÃÃ Ã ­«>ÀÌ ® Ì iÝÌi` Ìi Üi`}i >LÕÌ
biomechanical and dynamical behaviour of the SSCT during (high-velocity) tendon gliding, 
>`­«>ÀÌ®ÌiÃÌ>LÃ«ÌiÌ>V>}iÃ`Þ>VÃvÌiV>À«>ÌÕiVÌiÌÃv
/-
patients using ultrasound, and to investigate if ultrasound could be a reliable and valuable 
tool to diagnose CTS.  
Parameter Intrarater reliability 
­

®
Interrater reliability 
­

®
Test-retest reliability 
­

®
ƂÀi> - I­ä°nÇ®]a­ä°n£® b­ä°Çx®
Circularity - - b­ä°Çx®
Perimeter - - b­ä°Çx®
Displacement - - b­ä°Çx®
Table 1 Reported reliability results of previous ultrasound studies of median nerve measurements in 
the carpal tunnel. The reliability values are shown in parentheses. 
* Wong et al.  
aÀ>iÌ>°
‡ Doesburg et al. 
ƂLLÀiÛ>ÌÃ\
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ABSTRACT
Fibrosis of the subsynovial connective tissue (SSCT) in the carpal tunnel is the most 
V ÃÌ}V> w`}  V>À«> ÌÕi ÃÞ`Ài ­
/-®° LÀÃÃ>Þ ÀiÃÕÌ vÀ
damaged SSCT. Previous studies found that with low-velocity tendon excursion (2 mm/s), 
tendon excursion can irreversibly damage the SSCT. We investigated the effect of high-
velocity tendon excursion in the generation of SSCT damage. Nine human cadaver wrists 
were used. Three repeated cycles of ramp-stretch testing were performed simulating 40%, 
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compared with low-velocity tendon excursion data. For high-velocity tendon excursions, 
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of 60% of the physiological excursion (P<0.024) and that for low-velocity excursions was 
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ratio was lower at 60% of the physiological excursion for high-velocity tendon excursion 
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accompanying CTS, and the onset of CTS in relation to occupational factors.
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INTRODUCTION
Carpal tunnel syndrome (CTS) is a commonly diagnosed compression neuropathy of the 
i`>iÀÛi°ÌÃiÃÌ>Ìi`Ì>Ûi>«ÀiÛ>iVivÎÌx¯>`>Ã>}Ài>ÌiVV
impact.1,2 CTS causes numbness and paresthesias on the radial side of the hand and, in 
severe cases, weakness of the thenar muscles.3 The exact aetiology of carpal tunnel is 
unknown in most cases. One hypothesis is that overuse from forceful, repetitive hand motions 
causes cumulative trauma to structures within the carpal tunnel. Epidemiological studies 
showed that highly repetitive work is related to an increased risk for CTS.{ÇÛÛÃÌÕ`iÃ
found biomechanical alterations of the tissues within the carpal tunnel in CTS patients.8,9 
 /iV>À«>ÌÕiVÌ>ÃÌii`>iÀÛi]iyiÝÀÌi`Ã>`ÌiÃÕLÃÞÛ>
connective tissue (SSCT) that envelops the nerve and tendons. The SSCT is a multi-layered 
wLÀÕÃÃÌÀÕVÌÕÀiÜÌÌiÀViVÌ}V>}iÕÃwLÀiÃÌ>Ìv>VÌ>ÌiÃÌi`Ì>`
vÕVÌÃ>Ã>VÕÃÌ«ÀÌiVÌÛ>ÃVÕ>À>`iÀÛiÃÞÃÌiÃvÀÕÀÞ°10-12 The SSCT serves 
as a sliding unit moving layer-by-layer smoothly and separately to prevent direct abrasion 
between the median nerve and tendons and reduces friction during tendon motion (Figure 
1).10
>`>ÛiÀV>`ÃÌ}V>ÃÌÕ`iÃÃÜi`Ì>ÌÌi--
/V>LiÕÀi`` ÕÀ}Ìi`
motion,13-15>`wLÀÃÃvÌi--
/]ÜVÃÌÕ}ÌÌLiÌiÀiÃÕÌv--
/`>>}i]Ã
ivÌiÃÌVw`}Ã
/-«>ÌiÌÃ°16-18 
Figure 1 ƂÃ«wi``iv Ìi vÕVÌv--
/`ÕÀ} Ìi`Ì°7i Ìi`Ã>Ài 
Ài>Ýi`ÃÌ>Ìi]Ìi--
/wLÀiÃ>ÀiÃiÞViVÌi`°ƂÃ>Ìi`ÛiÃ]Ìi--
/ÃÌÀiÌViÃ>ÞiÀLÞ
>ÞiÀ]ÌiÀiLÞÀi`ÕV}vÀVÌLiÌÜii>>`>ViÌÌi`ÀÌii`>iÀÛi°
>`ÌÃ >Ài > ÀiÃÕÌ v VÀ`>Ìi` `Ã«>ViiÌÃ v Û>ÀÕÃ Ìi`Ã >Ì Û>ÀÕÃ
ÛiVÌiÃ° }ÛiVÌÞ Ìi` iÝVÕÀÃ V>ÕÃiÃ iÃÃ Ài>ÌÛi --
/ Ì V«>Ài`
to low-velocity tendon excursion.13 /Ã>Þ«Ài`Ã«Ãi Ìi--
/ Ì Ãi>À ÕÀÞÜi
performing repetitive tasks.13 Tendon excursion, even within the normal range of motion, 
can cause irreversible damage to the SSCT.14,15 These experiments were performed using 
a tendon excursion velocity of 2 mm/s, resembling low speed physiological tendon 
excursions.4,19ÜiÛiÀ]ÃVi
/-ÃÀi>Ìi`Ì}ÞÀi«iÌÌÛiÌ>ÃÃ>`>`ÛLÀ>Ì]
we were interested in the effect of high-velocity tendon excursion (60 mm/s) on the SSCT 
damage threshold. 
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 The primary aim of this study was to evaluate the effect of tendon excursion velocity 
in generating irreversible damage of the SSCT by investigating changes in the SSCT 
mechanical response caused by high-velocity and low-velocity tendon excursion using a 
human cadaver model. We hypothesized that the threshold of SSCT shear damage at high-
velocity tendon excursion would be lower than that with low-velocity tendon excursion. 
MATERIALS AND METHODS
Specimen preparation and setup 
-«iViÃÜiÀiLÌ>i`vÀÕÀÃÌÌÕÌ>Ƃ>ÌV>	iµÕiÃÌ*À}À>]ÜÌ>««ÀÛ>
vÌi	Ã«iVi
ÌÌii>`ÌiÃÌÌÕÌ>,iÛiÜ	>À`° iÕ>V>`>ÛiÀ
forearms were prepared for high-velocity tendon excursion testing. The sample size was 
`iÌiÀi` LÞ > «ÜiÀ V>VÕ>Ì° Ƃ «ÀiÛÕÃ ÃÌÕ`Þ v ÜÛiVÌÞ Ìi` iÝVÕÀÃ
(2 mm/s) had reported a maximum standard deviation of 0.11 for the energy ratios at 
various tendon excursions.15ƂÃÃÕ}Ã>ÀÛ>À>LÌÞÕÀ`>Ì>]>Ã>«iÃâivi
specimens would provide 80% power to detect a difference of 0.15 between energy ratios 
of low-velocity and high-velocity tendon excursions (α = 0.05, β = 0.20). Cadaver specimens 
were screened for a documented medical history of CTS or wrist fractures. Specimens 
LÌ>i`VÕ`i`vÕÀ>iÃ>`wÛivi>iÃÜÌ>i>>}ivÇÇÞi>ÀÃ­À>}ixnÌÓ
Þi>ÀÃ®° Ã}wV>Ì`vviÀiViÜ>ÃvÕ`vÀV>`>ÛiÀÃ«iVi}i`iÀLiÌÜiiÃÌÕ`iÃ
­*rä°ÎÎx®Æ>Ã}wV>Ì`vviÀiViÜ>ÃvÕ`vÀV>`>ÛiÀ>}i­*rä°äÎÈ®°
 The experimental set up has been described previously.15	ÀiyÞ]ÌiÜÀÃÌÜ>ÃÕÌi`
>iÕÌÀ>«ÃÌÌ>VÕÃÌÌiÃÌ`iÛVi­}ÕÀiÓ®°/i`iÝ]}>`ÌÌiw}iÀ
ÜiÀii`iÝÌiÃLÞwÝ}ÌiiÌ>V>À««>>}i>]«ÀÝ>ÌiÀ«>>}i>]>`
`ÃÌ>ÌiÀ«>>}i>ÌÃÜÌÜÀiÃ°/iyiÝÀ`}ÌÀÕÃÕ«iÀwV>ÃÌi`vÌi
`iÝ]``i>`À}w}iÀÃ­-Ó{®>`ÌiyiÝÀ`}ÌÀÕ«ÀvÕ`ÕÃÌi`vÌi
``iw}iÀ­*Î®ÜiÀiiÝ«Ãi`«ÀÝ>ÌÌiV>À«>ÌÕi]>`xä}Üi}ÌÃÜiÀi
connected proximally to each of them to maintain tension.
 To measure the physiological excursion of the FDS3 tendon, the FDS2, FDS3 and FDS4 
tendons were marked with a suture at the level of the proximal edge of the transverse 
V>À«>}>iÌÜi>w}iÀÃÜiÀiiÝÌi`i`° iÝÌ]Ìi``iw}iÀÜ>ÃyiÝi`°/i
distance between the suture marker of the FDS3 tendon and the suture markers of the 
-Ó>`-{Ìi`Ã>ÌvÕ``iw}iÀyiÝÀi«ÀiÃiÌi`Ìi«ÞÃ}V>-Î
Ìi`iÝVÕÀÃ]>`Ü>Ãi>ÃÕÀi`ÜÌ>`}Ì>V>«iÀ ­-
È]ÌÕÌÞ]>>}>Ü>]
>«>®°ƂvÌiÀ«ÞÃ}V>iÝVÕÀÃÜ>Ãi>ÃÕÀi`]Ìi``iw}iÀÜ>ÃwÝi`>ÃÜi
ÜÌ > ÜÀi  iÝÌi`i` «ÃÌ° /i] Ìi -Î Ìi`Ü>Ã iÝ«Ãi` `ÃÌ> Ì Ìi
V>À«> ÌÕi >` Ã>À«Þ ÌÀ>ÃiVÌi`>Ì ÌiiÌ>V>À««>>}i> Ì iÛi° /i`ÃÌ>
end of the FDS3 tendon within the carpal tunnel was connected to a 50 g weight while the 
proximal end of the FDS3 tendon was connected to a 25N load cell (MDB-5, Transducer 
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/iVµÕiÃ]/iiVÕ>]
Ƃ]1-Ƃ®°ƂÃÌi««iÀÌÀ`ÀÛi>VÌÕ>ÌÀVÌÀi`ÌiÛiVÌÞ
>``Ã«>ViiÌvÌiÛiiÌvÀi>VVÞVi>`>>ÃiÀ`Ã«>ViiÌÃiÃÀ­
än£]iÞiVi]Ü`*>À] ]1-Ƃ®Ü>ÃÕÃi` Ì ÀiVÀ`V>ÀÀ>}i`Ã«>ViiÌ°/i
maximum steady-state velocity was set at 60 mm/s with an acceleration time set between 
nä>`£ääÃiV°ÀVi>``Ã«>ViiÌ`>Ì>ÜiÀiÀiVÀ`i`>Ì£äääâ°/i>VÌÕ>ÌÀ
«Õi` Ìi Ìi` «ÀÝ>Þ Ì ÃÕ>Ìi yiÝ >` Ìi ÀiÛiÀÃi` ÜÌ Ìi Ìi`
moving distally by the dead weight to simulate extension. Testing was conducted at room 
temperature, and specimens were kept moist with a saline drip for the duration of testing.
Figure 2 Experimental set up.
Cyclic excursion test
Sequentially repeated excursions were applied at magnitudes of 40%, 60%, 90%, and 
120% of the physiological excursion of the FDS3 tendon. For excursion magnitudes of 40% 
through 90%, an initial excursion to the target amplitude at target velocity was executed 
followed by an immediate return to the neutral position, where the tissues were allowed to 
Ài>ÝvÀ£xÕÌiÃ°ƂÃiV`]`iÌV>>`}VÞVivÜi`°ƂvÌiÀÜ>À`Ã]Ìi«ÀViÃÃ
was repeated with the next highest excursion level (Figure 3). Once the 120% physiological 
iÝVÕÀÃiÛiÜ>ÃÀi>Vi`]>ÌÀ`]w>iÝVÕÀÃÌ£Óä¯Ü>ÃiÝiVÕÌi`°À>ÌiÀ
iÛiÃ]ÌiwÀÃÌVÞVivÌiÃÕLÃiµÕiÌiÝVÕÀÃiÛiÜ>Ã>ÃÌÀi>Ìi`>Ã>ºÌÀ`»VÞVi
for analysis. 
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Figure 3 Example of a repeated ramp-stretch test at one excursion level. Three cycles are performed 
at each excursion level. The excursion levels were respectively 40%, 60%, 90% and 120% of the 
«ÞÃ}V>iÝVÕÀÃvÌi-ÎÌi`°/iwÀÃÌVÞVivÌivÜ}iÝVÕÀÃiÛiÜ>Ã>Ã
considered to be the third cycle of the previous excursion level by recording the data at two points; 
Ìi«ÌÜiÀiÌiw>iÝVÕÀÃvÌiÌÀ`VÞVivÌi«ÀiÛÕÃiÝVÕÀÃiÛiÜ>ÃÀi>Vi`>`
>}>>ÌÌiw>iÝVÕÀÃvÌiwÀÃÌVÞVivÌiiÝÌiÝVÕÀÃiÛi°
Data analysis
Damage to the SSCT was apparent when a loss of energy was observed upon comparing 
Ìi ÌÜVÞViÃvi>ViÝVÕÀÃ iÛi°/iiÝVÕÀÃ ÀiÃÃÌ>ViiiÀ}Þ ­®Ü>Ã`iwi`
>ÃÌi>Ài>Õ`iÀÌivÀViVÕÀÛi>`Ìi«i>vÀVi­®Ü>Ã`iwi`>ÃÌi}iÃÌvÀVi
LÃiÀÛi``ÕÀ}ÌiÃÌ}­}ÕÀiÎ®°,>ÌÃvÀ>`LiÌÜiiÌiwÀÃÌ>`ÃiV`VÞViÃ]
>ÃÜi>ÃLiÌÜiiÌiwÀÃÌ>`ÌÀ`VÞVi]ÜiÀiLÞÌiÌÀ`VÞViÜ>Ã>ÃÜiÌiwÀÃÌVÞVi
vÌiiÝÌiÝVÕÀÃ]ÜiÀiV>VÕ>Ìi`vÀi>ViÝVÕÀÃiÛi°ƂVÕÃÌƂ/Ƃ	«À}À>
­>ÌÜÀÃ] >ÌV]Ƃ]1-Ƃ®Ü>Ã`iÛi«i`Ì>>ÞÃiÌivÀViiÝVÕÀÃ`>Ì>>`Ì
V>VÕ>Ìi>À>ÌÃ°/i`>>}iÌÀiÃ`Ü>Ã`iwi`Üi>Ã}wV>Ì`vviÀiViÜ>Ã
LÃiÀÛi`LiÌÜiiÌÜ`vviÀiÌiÝVÕÀÃiÛiÃ]ÜiÀiLÞÌiÀ>Ì>ÌÌiwÀÃÌiÝVÕÀÃ
iÛi `V>Ìi`Ì>Ì`>>}i>`Lii`i ­x¯Vw`iVi ÌiÀÛ> VÕ`i`>
À>Ìv£®>`ÌiÀ>Ì>ÌÌiiÝÌiÝVÕÀÃiÛi```V>Ìi`>>}i­x¯Vw`iVi
interval did not include an E ratio of 1). The damage threshold and the energy and force 
ratios for testing conducted at 60 mm/s were compared with the data generated using a 
low-velocity tendon excursion of 2 mm/s, previously published.15 
 ,iÃÕÌÃ ÜiÀi >>ÞÃi` ÕÃ} > Ài«i>Ìi` i>ÃÕÀi Ƃ "6Ƃ Ì iÝ>i `vviÀiViÃ
LiÌÜiiÌiÀ>ÌÃvi>V«>À>iÌiÀvÀi>ViÝVÕÀÃ>}ÌÕ`i°/i`iwi``>>}i
threshold was compared with that of the low-velocity tendon excursion data.15>``Ì]
>iÜ>ÞƂ "6ƂÜ>ÃÕÃi`ÌV«>Ài}ÛiVÌÞ Ìi`iÝVÕÀÃ`>Ì>ÜÌ Ü
ÛiVÌÞÌi`iÝVÕÀÃ`>Ì>°*Û>ÕiÃćä°äxÜiÀiVÃ`iÀi`Ã}wV>Ì°/iÃÌ>ÌÃÌV>
>>ÞÃÃÜ>Ã`iÜÌ-Ì>ÌÃÌV>*>V>}ivÀ-V>-ViViÃvÌÜ>Ài­-*--ÛiÀÃ£Ç°ä]
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RESULTS
High-velocity tendon excursion
iÌ>i` ÀiÃÕÌÃ >Ài `Ã«>Þi`  />Li £°   Ã}wV>Ì `vviÀiVi Ü>Ã vÕ` Üi
comparing E2/E1 ratio to E3/E1 ratio or when comparing F2/F1 ratio to F3/F1 ratio for any 
iÝVÕÀÃiÛi­*Ĉä°äÈÈ®°/i>Vv`vviÀiViLiÌÜiiÌi`vviÀiÌÀ>ÌÃvÌiÃ>i
iÝVÕÀÃiÛiÃVwÀi`Ì>ÌÃÕLÃÌ>Ì>Þ>ÌiÛÃVi>ÃÌVÀiVÛiÀÞ>`LiiÌ>i
place.15 
 The E2/E1 ratios at 60%, 90% and 120% of the physiological excursion of the FDS3 
Ìi` ÜiÀi Ã}wV>ÌÞ ÜiÀ Ì> Ì>Ì >Ì {ä¯ ­*ćä°äÓÎ®° /i ÓÉ£ À>ÌÃ >Ì ä¯
>`£Óä¯v Ìi«ÞÃ}V> iÝVÕÀÃÜiÀi>Ã Ã}wV>ÌÞ ÜiÀ Ì> Ì>Ì >ÌÈä¯
­*ćä°ää®°/iÀiÜ>ÃÃ}wV>Ì`vviÀiViÓÉ£À>ÌÃLiÌÜiiä¯>`£Óä¯v
the physiological excursion (Figure 4).
Percentage of the physiological excursion
40% 60% 90% 120%
Energy ratios
E2/E1
E3/E1
1.00 (±0.06)
£°äÇ­´ä°än®
0.93 (±0.04)
0.96 (±0.06)
0.86 (±0.06)
ä°nÇ­´ä°äÇ®
0.83 (±0.05)
0.80 (±0.05)
Force ratios
E2/E1
E3/E1
1.00 (±0.05)
1.09 (±0.08)
0.91 (±0.05)
0.94 (±0.06)
ä°ÇÇ­´ä°ä®
ä°Çn­´ä°££®
ä°ÇÓ­´ä°äÇ®
ä°ÈÇ­´ä°än®
Table 1 Mean energy and force ratios with standard deviation (± SD) for different excursion levels.
Figure 4 Displayed are the E1/E2 ratios 
and E1/E3 ratios at different excursion 
iÛiÃ°  Ìi Ìi Ã}wV>Ì `vviÀiViÃ
between the ratios of all different 
excursion levels except for the ratios at 
90% excursion versus 120% excursion.
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The F2/F1 ratios at 60%, 90%, and 120% of the physiological excursion of the FDS3 
Ìi`ÜiÀiÃ}wV>ÌÞÜiÀÌ>Ì>Ì>Ì{ä¯­*ćä°ää®°/iÓÉ£À>ÌÃ>Ìä¯>`
£Óä¯vÌi«ÞÃ}V>iÝVÕÀÃÜiÀi>ÃÃ}wV>ÌÞÜiÀV«>Ài`ÌÌ>Ì>ÌÈä¯
­*ćä°ääÓ®°/iÀiÜ>ÃÃ}wV>Ì`vviÀiViLiÌÜiiÓÉ£À>ÌÃ>Ìä¯>`£Óä¯v
the physiological excursion. 
High-velocity (60 mm/s) versus low-velocity (2 mm/s) tendon excursion
When comparing the high-velocity tendon excursion results with those obtained at low-
velocity,15 resistance energy was observed to be substantially greater at all excursion levels 
­*ćä°äÎ£®­}ÕÀix®°ÀivÀViÜ>Ãii`i`vÀ}ÛiVÌÞÌi`iÝVÕÀÃÃiÞ>Ì
40% and 60% of the physiological excursion, as well as at 90% when removing one outlier 
(P<0.001). 
Figure 5 ƂLÃÕÌi iiÀ}Þ ii`i`
for different excursion levels at high-
velocity (60 mm/s) and low-velocity (2 
ÉÃ®Ìi`iÝVÕÀÃÃ°}ÛiVÌÞ
tendon excursion required more energy 
at most excursion levels. Low-velocity 
tendon excursion data previously 
published by Vanhees et al.15
7ivÕ`>Ã}wV>Ì`À«vÌiiiÀ}ÞÀ>ÌLiÌÜii{ä¯>`Èä¯vÌi«ÞÃ}V>
iÝVÕÀÃ ­}ÕÀi {®° ƂÌ ÜÛiVÌÞ Ìi` iÝVÕÀÃÃ]  Ã}wV>Ì `À« Ü>Ã
found between the energy ratios at this level but, rather, was delayed until 90% of the 
physiological excursion.15 Furthermore, a lower energy ratio was found for high-velocity 
Ìi`iÝVÕÀÃÃ>ÌÈä¯vÌi«ÞÃ}V>iÝVÕÀÃ­*ćä°äÎ®­}ÕÀiÈ®°ƂÌ£Óä¯v
the physiological excursion, the high-velocity tendon excursion showed a higher energy 
À>ÌV«>Ài`ÌÌiÜÛiVÌÞÌi`iÝVÕÀÃÃ>ÌÌiÃ>iiÛi­*ćä°äÎx®°15 Force 
ratios at 90% and 120% of the physiological excursion were lower at high-velocity testing 
V«>Ài`ÌÌiÜÛiVÌÞÌiÃÌ}­*ćä°ääx®°15 
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Figure 6 Displayed are the E1/E2 ratios 
for different relative excursion levels 
at high-velocity (60 mm/s) and low-
velocity (2 mm/s) tendon excursions. 
Low-velocity tendon excursion data 
previously published by Vanhees et al.15
DISCUSSION
/i --
/ Ã >ÕÌ>ÞiÀi` V>}iÕÃ ÃÌÀÕVÌÕÀi Ì>Ì iÛi«Ã i>V `Û`Õ> yiÝÀ
tendon and the median nerve within the carpal tunnel. The tendon motion stretches the 
layer of the SSCT that is most close to the tendon, and then sequentially stretches layer-
LÞ>ÞiÀÕÌ>ÌiÀViVÌ}wLÀiÃLiÌÜiiÌi>ÞiÀÃ>ÀiÃÕVViÃÃvÕÞi}>}i`°/i
tissue may be stretched to the point that the tensile strength of some of the interconnecting 
wLÀiÃ ÃiÝVii`i`V>ÕÃ}ÌiÌ ÀÕ«ÌÕÀi°/i--
/ Ã ÌÕ}Ì ÌLiÛÃVi>ÃÌV i
most biological tissues (e.g., tendon, ligaments, muscle).20ƂLÕ`>ÌiÛ`iViiÝÃÌÃ Ì
show that stiffness increases in viscoelastic tissues in response to increasing strain rate.21-26 
7Ì>`}>Ìv>ÃÌiÀÃÌÀ>À>ÌiÃ]iÃÃÌiÃ>Û>>LivÀyÕ`Ì`Ã«>Vi]ÜVÌÃ
deformation and leads to increased stiffness.ÓÓ]ÓÎ]ÓÇ>``Ì]}iÀÃÌÀ>À>ÌiÃ`iVÀi>Ãi
failure strain, suggesting an embrittlement of the material.25 Being such a material, SSCT 
should stiffen and be more prone to damage at higher velocities. Our results support both 
these phenomena in the SSCT. 
 When comparing low-velocity tendon excursion data as reported by Vanhees et al. with 
}ÛiVÌÞÌi`iÝVÕÀÃÌiÃÌÀiÃÕÌÃvÌÃÃÌÕ`Þ]>Ã}wV>Ì` À«iiÀ}Þ>`vÀVi
ratios occurred earlier in the physiological range of tendon motion at high-velocity tendon 
excursion, and more force and energy were needed for high-velocity tendon excursions.15 
ƂÃ}wV>Ì` À«iiÀ}Þ>`vÀViÀ>ÌÃÜ>ÃLÃiÀÛi`>Ì>Ã>iÀ«ÞÃ}V>Ìi`
excursion for high-velocity tendon excursions. Stiffening results in diminished stretching 
V>«>LÌiÃv Ìi ÌiÀViVÌ}wLiÀÃ°9ÃiÌ>° vÕ``iVÀi>Ãi`--
/ÃÌÀiÌV}
at high-velocity tendon excursions as well.13 Secondly, peak forces and resistance energy 
ÜiÀi vÕ` ÌLi£°ÇÕ« Ì{°Ó ÌiÃ}Ài>ÌiÀ  Ã«iViÃ ÌiÃÌi`>Ì }iÀ ÛiVÌiÃ]
with the exception of peak force measurements at 120% excursion, a direct result of the 
viscoelastic stiffening. 
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 }ÛiVÌÞ Ìi` iÝVÕÀÃÃ Ãii Ì >`Û>Vi Ìi `>>}i ÌÀiÃ`° *ÀiÛÕÃ
studies have suggested that damage to the SSCT occurs within the physiological range 
of tendon excursion.14,15 Low-velocity tendon excursion results showed that the damage 
initiated approximately around 90% of the physiological excursion.15ÌÃÃÌÕ`Þ]Ìi`
excursions were considerably faster. Using this velocity of tendon excursion, the onset of the 
drop in energy and force ratios occurred earlier, approximately at 60% of the physiological 
tendon excursion. This tendon excursion velocity simulated fast tendon motion during 
common tasks, either during single motions or in the performance of repetitive tasks.4 We 
did not attempt to simulate the damage associated with handling vibrating tools, such as 
`ÀÃ]ÜV}iiÀ>ÌiÛLÀ>ÌÃ>Ì>vÀiµÕiVÞvÎxÌ£xäâ]28 or chain saws, which have 
>vÀiµÕiVÞÀ>}iÕ«Ìxääâ>`] Õ`>«ii``i]«À`ÕVi`Ã«>ViiÌÃv
300-400 microns.29 
 V«iÌi Ài>Ý>Ì v>ÌiÀ>Ã ÜÌ ÛÃVi>ÃÌV «À«iÀÌiÃ V> yÕiVi iiÀ}Þ
and force measurements. We found no differences between ratios of energy or force 
V«>À}ÌiÀ>ÌvÌiÃiV`VÞViÛiÀÃÕÃÌiwÀÃÌVÞVi>`ÌiÌÀ`VÞViÛiÀÃÕÃ
ÌiwÀÃÌVÞVi°ÕÀÌiÀÀi] Ìi Ài>Ý>ÌÃÌ>Ìi vÀViÃ>Ì ÌiÃÌ>ÀÌvi>V À>«ÃÌÀiÌV
test cycle were all comparable within the same cadaver hand. This suggests that there 
Ü>ÃÃÕvwViÌÀi>Ý>ÌÌiLiÌÜiiÌiÃÌVÞViÃ>`Ì>ÌÃÃviiÀ}Þ>`vÀViV>Li
attributed to damage of the SSCT.15 
 ƂvÌiÀä¯vÌi«ÞÃ}V>iÝVÕÀÃvÌi-ÎÌi`]Ìi`À«iiÀ}ÞÀ>Ì
declined. We performed repeated ramp-stretch test cycles whereby stepwise damage 
was initiated by increasing the relative tendon excursion stepwise. The damage done was 
ÀÀiÛiÀÃLi°/iÕLiÀvwLÀiÃ]ÜVV>Li`>>}i`] ÃwÌi°*À}ÀiÃÃÛiÞ >À}iÀ
iÝVÕÀÃÃÜ`>>}iwLÀiÃÌ>Ì>Þ>ÛiLiiÃÌÀiÌVi`LÕÌÜiÀiÕ`>>}i`LÞÌi
«ÀiÛÕÃiÝVÕÀÃÃ° vÀiwLÀiÃ>Ài`>>}i`>ÌÌiiÝÌ}iÃÌiÝVÕÀÃiÛi]Ìi
iiÀ}Þ À>ÌÜ `À«° ÛiÌÕ>Þ] ÜiÛiÀ]Ài wLÀiÃÜ >Ûi Lii `>>}i`  >
«ÀiÛÕÃVÞViÃÌ>V>Li` >>}i`>Ã}iVÞVi]iÛiÌÌi«ÌÌ>Ì>wLÀiÃ>Ûi
Lii`iÃÌÀÞi`°ƂÌÌÃ«ÌÌiÀ>ÌÜÌiÀiÌV>ÞVÀi>ÃiÌ>Û>Õiv£]>`
further damage can be done. The shape of the energy ratio curve may therefore provide 
>``Ì>vÀ>Ì>LÕÌÌi>ÕÌvwLÀiÃ`>>}i`°
 This study has several limitations. First, the properties of the SSCT within the cadaver 
model may be different compared to the in vivo carpal tunnel (e.g., changes in carpal 
tunnel pressure, no repairing capabilities). Changes between properties in vivo and the 
V>`>ÛiÀ`i ii` Ì Li Ì>i Ì >VVÕÌÜi ÌiÀ«ÀiÌ} Ìi ÀiÃÕÌÃ° ÜiÛiÀ]
since conclusions were based on ratios rather than absolute data, we believe that the 
results found are likely to be applicable to the in vivo situation. Second, no distinction was 
made between the different components of the resistance load present in the carpal tunnel 
complex (e.g., friction). Friction has been postulated to play a role when a tendon is pulled 
through the carpal tunnel.15 We observed a higher-magnitude toe region in the force-
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displacement response generated with the high-velocity tendon excursions,15,30 although no 
quantitative comparisons were made. This is consistent with classical models of viscoelastic 
>ÌiÀ>Li>ÛÕÀv Ìi vÀVÌ>`ÌiÀiLÞÛiVÌÞ`i«i`iÌ°}iÀÛiVÌiÃ>Ài
accompanied by relative higher friction forces of viscoelastic materials. Contact friction is 
unaffected by damage and remains constant regardless the excursion level. Since energy 
is an accumulated measure and peak force measurements are instantaneous, energy ratios 
may be particularly sensitive to changes in the resistance distributed between different 
mechanisms, namely SSCT stretching and friction. This may explain as well why the ratio 
of energy declines less rapidly than the force ratios, particularly at high-velocity tendon 
excursions. Third, the data of high-velocity tendon excursions was compared with low-
velocity tendon excursion data of a previous study.15ƂÌÕ}ÌiÌÜV>`>ÛiÀÃ«iVi
groups were comparable for gender, the average ages of the specimens were different. 
ÜiÛiÀ] ÃVi Ìi VÀi>Ãiv V`iViv
/- Ã vÕ` Ì Ì>Ìi >ÀÕ` Ìi>}iv
40,31,32 possible anatomical changes that may affect the pathogenesis of CTS are likely to 
occur around this age and not later. Therefore the difference of the average age of the 
ÜÀÃÌÃ«iViÃ­ÇÇÞi>ÀÃÌÃÃÌÕ`ÞV«>Ài`ÌÈäÞi>ÀÃÌiÃÌÕ`Þv6>iiÃiÌ
>°®Ü>ÃÌÕ}ÌÌLiÃ}wV>Ì°15>``Ì]Ìi«ÀÌV>`iµÕ«iÌÜiÀiÃ>À]
therefore the studies were assumed to be comparable. Finally, we would have preferred 
to study the damage thresholds at the two different tendon excursion velocities within 
Ìi Ã>i >`] Ìâi >Þ vÀ v L>Ã° ÜiÛiÀ] ÜiÌiÀ `i VVÕÀÀiÌÞ À
sequentially, this was not possible. Since we were testing for a damage threshold (and 
assumed we reached it following the protocol for one velocity), we would no longer have 
a pristine specimen in which we could test reliably the properties and thresholds for a 
subsequent velocity.
 VVÕÃ] VÀi>Ã}Ìi`iÝVÕÀÃÛiVÌÞ ÜiÀÃÌiÌÀiÃ`vÌi--
/
`>>}i°/Ãw`}>Þ>ÛiÀiiÛ>ViÕ`iÀÃÌ>`}Ìi«>Ì}iiÃÃvV`ÌÃ
>ÃÃV>Ìi`ÜÌ--
/wLÀÃÃ]ÃÕV>Ã
/-]>`ÌiÀÀi>ÌÌVVÕ«>Ì>v>VÌÀÃ°
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ABSTRACT
ÀVivÕ]}ÛiVÌÞ>`Ài«iÌÌÛi>Õ>>`Ì>ÃÃ>ÛiLii`iÌwi`ÌVÌÀLÕÌi
to the onset of carpal tunnel syndrome (CTS). Little is known about the components 
contributing to tendon gliding resistance in the carpal tunnel. The purpose of this study 
was to identify these different components.  Four pairs of human cadaver hands were 
used. Tendon gliding resistance was measured under different conditions; with and without 
intact subsynovial connective tissue (SSCT), at 2 mm/s and 60 mm/s tendon excursion 
velocity, and with and without relaxation time before a tendon excursion. Force, energy 
>`ÃÌvviÃÃÜiÀiV>VÕ>Ìi`°--
/ÃÌÀiÌV}Ü>ÃvÕ`Ì«>Þ>ÃÕLÃÌ>Ì>Ài°}iÀ
tendon excursion velocities resulted in increased gliding resistance force and energy that 
could be contributed to the SSCT and SSCT stiffening was observed. Poroelastic properties 
vÌiÌi`]>`«ÃÃLÞ--
/]«>Þi`>Ài>ÃÜiÃViÀi>Ý>ÌÌiÃ}wV>ÌÞ
increased gliding resistance force and energy (all p<0.01) and the difference for energy and 
force between high-velocity and low-velocity tendon excursions increased with relaxation 
time (p=0.01 and p<0.01). Lastly, without relaxation time no difference in force and energy 
was found (p=0.06 and p=0.60), suggestive for contact friction. With increased carpal 
ÌÕi «ÀiÃÃÕÀi] >Ã  
/-] VÀi>Ãi` }`} ÀiÃÃÌ>Vi Ã LÃiÀÛi`° VÀi>Ãi` }`}
resistance can come from changes in any of the above-mentioned components due to 
wLÀâ>Ì>``>>}ivÌi--
/°
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INTRODUCTION
ÀVivÕ]}ÛiVÌÞ>`Ài«iÌÌÛi>Õ>>`Ì>ÃÃ>ÛiLii`iÌwi`ÌVÌÀLÕÌi
to the onset of carpal tunnel syndrome (CTS),1-3 a commonly diagnosed neuropathy of the 
i`>iÀÛi­ ®°/iÃiÌÃ>ÀiÀi>Ìi`Ì}Ìi`}`}ÀiÃÃÌ>Vi­,®°4-6 
Various studies have been performed analysing various hand and wrist motions that 
ÀiÃÕÌi`}Ìi`,°{]x]Ç]n
 ÌÌiÃÜ>LÕÌÌiV«iÌÃVÌÀLÕÌ}ÌÌiÌi`,°ÕÃiÌ>°>`
6>iiÃiÌ>°LÃiÀÛi`ÌiÌi`,VÕÀÛiÌ>Ûi>Ì>ºÌi»vÜi`LÞ>«>Ìi>Õ
and an ascending response.5,9/iºÌi»ÜÌÌi«>Ìi>ÕÀiyiVÌi`Ü>Ì>ÃLiiLÃiÀÛi`
Ã>Ìi`yiÝÀÌi`}`}iÝ«iÀiÌÃÌiâiƂÓ«ÕiÞ>Ài>]ÜiÀiLÞÌÜ>Ã
suggested that this behaviour was the result of contact friction between tissues.10,11 The 
>ÃVi`}ÀiÃ«ÃivÌiÌi`,VÕÀÛiÜ>ÃÞ«ÌiÃâi`ÌLiÌiÀiÃÕÌvÃÌÀiÌV}
vÌiÃÕLÃÞÛ>ViVÌÛiÌÃÃÕi­--
/®]>ÕÌ>ÞiÀi`ÃÌÀÕVÌÕÀiÃÕÀÀÕ`}ÌiyiÝÀ
tendons and MN within the carpal tunnel that is thought to reduce friction between these 
structures and provide resistance to tendon motion.12,13 Lastly, the poroelastic properties of 
the tendon, and possibly a similar poroelastic response in the SSCT, may also play a role in 
,°14-16>ÞL}V>ÌÃÃÕiÃ>ÀivÕÃi`ÜÌ>VÌiÀÃÌÌ>yÕ`Ì>Ì>ÞÌiÀ>VÌ
with the deformation of biological tissues, a phenomenon known as poroelasticity.£Ç 
 / `>Ìi] ÕÃÌ Ìi ÌÌ> Ìi`,ÜÌ Ìi V>À«> ÌÕi >Ã Lii iÛ>Õ>Ìi` >`
solely hypothesizes are made about the delineation of the components contributing to the 
,°ÀÌÕ>ÌiÞ]LÃiÀÛ>ÌÃvÌiÃÌÀÕVÌÕÀ>V«ÃÌvÌiV>À«>ÌÕiÌÀÕ}
histology have been reported and recognition of similar mechanical behaviour to that of 
yiÝÀÌi`}`}«ÀÛ`iÃVÕiÃÌÌiÃi«>À>ÌiiV>ÃÃÌ>Ì>Þ«>Þ>Ài°13,18 
 The purpose of this study was to develop an experimental set up that sequentially 
Ã>ÌiÃÌiÀiÃÃÌ>ViV«iÌÃ>`ÌiÀiLÞ`iÌwiÃÌiV«iÌÃvÌi`,
within the carpal tunnel. The approach to separating the resistance components will be 
based on differences in mechanical response expected from changes in structural integrity, 
Ìi`iÝVÕÀÃÛiVÌÞ]>`Ài>Ý>ÌÌi>Üi`LiÌÜiiiÝVÕÀÃÃ°/iÃiw`}Ã
Ü >Ü ÕÃ Ì LiÌÌiÀ ÌiÀ«ÀiÌ V>`>ÛiÀ ÃÌÕ`iÃ >LÕÌ Ìi`, >` Ài>Ìi ÀiÃÕÌÃ v
previous cadaver studies to the in vivo condition, which in turn may lead to more a complete 
understanding of digit motion and it’s role in the pathophysiology of CTS. 
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MATERIALS AND METHODS
/i , i>ÃÕÀi` `ÕÀ} Ìi` iÝVÕÀÃ Ã Þ«ÌiÃâi` Ì Li Ìi ÀiÃÕÌ v --
/
`ivÀ>Ì] Ìi` `ivÀ>Ì >` VÌ>VÌ vÀVÌ LiÌÜii Ìi yiÝÀ Ìi` >`
surrounding tissues (Figure 1 and equation 1). 15,19-23 
Figure 1 /i`vviÀiÌV«iÌÃ ÌÕ}Ì Ì«>Þ> Ài ,\£®--
/`ivÀ>Ì]Ó® Ìi`
deformation and 3) residual contact friction.
F total gliding resistance = F SSCT deformation + F tendon deformation + F contact friction Eq. 1 
/i--
/VÌÀLÕÌÌÌi,ÃiÝ«iVÌi`ÌÀiÃÕÌvÀ--
/ÃÌÀiÌV}>Ã«ÀiÛÕÃÞ
has been observed with electron microscopy.13,18 The tendon and possibly the SSCT, 
possess poroelastic properties that have a time-dependent effect on tendon biomechanics 
>`>ÞÌiÀivÀi>Ûi>ivviVÌ,°24,25 Lastly, contact friction is thought to play a role 
,]>Ã>ÃLiiLÃiÀÛi`ÜÌÌi`}`}>ÌÌiƂÓ«ÕiÞiÛi°10,16 
 Four pairs of human cadaver hands were used. Two pairs of hands were from males 
>`Ó«>ÀÃv>`ÃÜiÀivÀvi>iÃ°/ii>>}ivÌiV>`>ÛiÀÃ«iViÃÜ>ÃÇ{
Þi>ÀÃ­À>}ixÇÌnÎÞi>ÀÃ®°-«iViÃÜiÀiLÌ>i`vÀÌi>Þ
VÃÌÌÕÌ>
Ƃ>ÌV>	iµÕiÃÌ*À}À>ÜÌ	Ã«iViÃ
ÌÌii>`>`ÃÌÌÕÌ>,iÃi>ÀV
Board approval. The cadaver specimens were screened for a medical history of CTS, upper 
extremity surgery, and fractures of the upper extremity.
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Specimen preparation
The cadaver specimens were thawed approximately 10 hours before testing at 5°C. The 
cadaver hands were prepared as previously described.5,9	ÀiyÞ] ÌiÜÀÃÌÜ>ÃÕÌi`
Ì>}]ÜÌÌiÜÀÃÌwÝi`ÌiiÕÌÀ>«ÃÌ>`>w}iÀÃwÝi`ÜÌ>ÜÀi>
iÝÌi`i`«ÃÌ]iÝVi«ÌÌi``iw}iÀ°ƂvÌiÀ`iÌiÀ}Ìi«ÞÃ}ViÝVÕÀÃ
vÌiyiÝÀ`}ÌÀÕÃÕ«iÀwV>ÃÌi`vÌi``iw}iÀ­-Î®]Ìi``iw}iÀ
Ü>ÃwÝi`>ÃÜi>vÕÞiÝÌi`i`«ÃÌ°/i-ÎÌi`Ü>ÃiÝ«Ãi``ÃÌ>ÌÌi
V>À«>ÌÕi>`Ã>À«ÞÌÀ>ÃiVÌi`>ÌÌiiÌ>V>À««>>}i>ÌiÛi°/i`ÃÌ>i`
of the FDS3 tendon was connected to a 50 gr weight while the proximal end was connected 
Ì>Óx >`Vi­	x]/À>Ã`ÕViÀ/iVµÕiÃ]/iiVÕ>]
Ƃ]1-Ƃ®­}ÕÀiÓ®°
Figure 2 Experimental set up.
Mechanical testing
Ƃ ÃÌi««iÀ ÌÀ`ÀÛi ÌiÃÌ >VÌÕ>ÌÀ VÌÀi` Ìi ÛiVÌÞ >` `Ã«>ViiÌ v Ìi
movement for each cycle. Displacement of the stage was monitored with a potentiometer 
ÃiÃÀ­/,Çx] ÛÌiV1°-°]-ÕÌLÀÕ}]Ƃ]1-Ƃ®°ÀVi>``Ã«>ViiÌ`>Ì>
ÜiÀiÀiVÀ`i`>Ì>Ã>«iÀ>Ìiv£ääâvÀÜÛiVÌÞÌi`iÝVÕÀÃ­ÓÉÃ®>`
£äääâvÀ}ÛiVÌÞÌi`iÝVÕÀÃ­ÈäÉÃ®°/i-ÎÌi`Ü>Ã«ÀiV`Ìi`
LÞ Ài«i>Ì}Î Ìi`iÝVÕÀÃÃ Ìx>ÌÓÉÃ°,Ü>ÃiÛ>Õ>Ìi`ÛiÀ>-Î
Ìi`iÝVÕÀÃvxx]ÜVÜ>ÃiÕ}ÌiÃÕÀiÌ>ÌÌix¯Vw`iViÌiÀÛ>
of the physiological excursion of the FDS3 tendon was included in the excursion and an 
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additional 5 mm for deceleration. Where applicable, tissue was allowed to relax for 15 
minutes, which is an adequate period of time for tissue to relax to equilibrium.5,9 The 
specimens were kept at room temperature (20°C) and were moistened throughout testing 
ÜÌ>ÃÌiÀiÃ>i`À«°ƂyÜV>ÀÌvÌiiÝ«iÀiÌV`ÌÃÃÃÜ}ÕÀiÎ°
 For each condition, the general force-displacement curve was grossly described. 
,vÀViÃ­®>`iiÀ}Þ­®>Ì£ää¯vÌi«ÞÃ}V>iÝVÕÀÃvÌi-ÎÌi`
were calculated for each tendon excursion. The stiffness (S) at 100% of the physiological 
excursion for intact SSCT conditions was also calculated, which was the slope of the linear 
region at 100% of the physiological excursion.9 
Figure 3 Flow diagram of the mechanical testing protocol. *The order of testing (i.e., 2mm/s or 
60mm/s and with or without relaxation time) was done in a random order. 
Analysing the contribution of the SSCT
/ ÌiÃÌ Ìi VÌÀLÕÌv Ìi--
/ Ì,] Ìi ÌÌ>,ÜÌ >`ÜÌÕÌ Ì>VÌ--
/
was compared. Four hands were tested with an excursion velocity of 2 mm/s and the 
VÌÀ>>ÌiÀ>>`ÃvÌi{«>ÀÃv>`ÃÜiÀiÌiÃÌi`>ÌÈäÉÃ°ÀÃÌÌiÌi`,
Ü>Ãi>ÃÕÀi`ÜÌ Ìi--
/ Ì>VÌ°iÀi>vÌiÀ] Ìi-ÎÌi`Ü>ÃV«iÌiÞ«Õi`
out, severing all SSCT connections, repositioned in the carpal tunnel, and then the tendon 
,Ü>Ãi>ÃÕÀi`>}>°	ivÀii>V«Õ]ÌiÌÃÃÕiÜ>Ã>Üi`ÌÀi>ÝvÀ£xÕÌiÃ
Ài}>À`iÃÃÜiÌiÀÀÌÌi--
/Ü>ÃÌ>VÌ°	ÞÃÕLÌÀ>VÌ}Ìi,`>Ì>ÜÌÌ>VÌ--
/
vÀ,`>Ì>ÜÌÕÌÌ>VÌ--
/Ìi--
/VÌÀLÕÌÌÌi`,Ü>ÃÃ>Ìi`°
 >``Ì]Ì>>ÞÃiÌi«ÀiÃÕi`ÛÃVi>ÃÌV«À«iÀÌiÃvÌi--
/]ÌiivviVÌv
Ìi`iÝVÕÀÃÛiVÌÞÜ>ÃÌiÃÌi`L>Ãi`Ìi--
/,`>Ì>°v--
/Ã>ÛÃVi>ÃÌV
>ÌiÀ>>ÃÞ«ÌiÃâi`]Ìi,vÀVi]iiÀ}Þ>`ÃÌvviÃÃ>Ì£ää¯vÌi«ÞÃ}V>
excursion are expected to be higher at the 60 mm/s tendon excursion velocity compared 
to 2 mm/s tendon excursion velocity. We used the Wilcoxon signed rank test to compare 
LÌ}ÀÕ«Ã°Ƃ«Û>Õivä°äxÜ>ÃVÃ`iÀi`Ã}wV>Ì°
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 >ÃÌÞ]ÜiiÛ>Õ>Ìi`ÌiVÌÀLÕÌv--
/ÌÌiÌÌ>,LÞV>VÕ>Ì}Ìi«ÀÌ
vÌi--
/VÌÀLÕÌÌÌiÌÌ>,>ÌÓx¯]xä¯]Çx¯>`£ää¯vÌi«ÞÃ}V>
excursion of the FDS3 tendon.
Analysing the contribution of tendon deformation 
The contribution of tendon deformation, hypothesized to be a poroelastic effect, was 
iÛ>Õ>Ìi`iÝÌ°ƂvÌiÀV«iÌi«ÕÕÌ>`Ài«ÃÌi`vÌi-ÎÌi`]>>`Ã
were tested at 2 mm/s and 60 mm/s tendon excursion velocities and with and without 
Ài>Ý>ÌÌiLiÌÜii«ÕÃ]ÌiÃi`vviÀiÌÌiÃÌV`ÌÃÜiÀiÌiÃÌi`>ÌÀ>`°Ƃ
poroelastic response, if present as the model supposes, was expected to cause a higher 
,vÀVi>`iiÀ}ÞvÀiÝVÕÀÃÃÜÌÀi>Ý>ÌÌiV«>Ài`ÌÌÃiÜÌÕÌ°16,23,24 
ÕÀÌiÀiÛ`iViÜÕ`Li«ÀÛ`i`vÌiÃi` vviÀiViÃÜiÀi>«wi`ÜÌ}iÀÌi`
excursion velocities. Excursions under these different test conditions were compared using 
Ìi«>Ài`ÌÌiÃÌ°Ƃ«Û>Õivä°äxÜ>ÃVÃ`iÀi`Ã}wV>Ì°
Analysing the contribution of contact friction
ƂÜ}Ài>Ý>ÌÌiLiÌÜii«ÕÃÜ>ÃiÝ«iVÌi`ÌÕvÞÌi«Ài>ÃÌVivviVÌ]
>`ÌiVÌÀLÕÌvÌiVÌ>VÌvÀVÌVÕ`LiVwÀi`>`iÛ>Õ>Ìi`°vVÌ>VÌ
vÀVÌivviVÌÜiÀi«ÀiÃiÌ]ÌÜ>ÃiÝ«iVÌi`ÌÀiÃÕÌ>i>ÃÕÀ>Li]âiÀ,]>`
that this value would not be sensitive to the excursion velocity. Excursions not preceded 
by relaxation time at different excursion velocities were compared using the paired t-test 
>Ã`iÃVÀLi`i>ÀiÀ°Ƃ«Û>Õivä°äxÜ>ÃVÃ`iÀi`Ã}wV>Ì°ƂÃÌ>ÌÃÌV>>>ÞÃÃ
Ü>Ã`iÜÌ-Ì>ÌÃÌV>*>V>}ivÀ-V>-ViViÃvÌÜ>Ài­-*--ÛiÀÃ£Ç°ä]
V>}]
]1-Ƃ®°
RESULTS
The mean physiological excursion of the FDS3 tendon was 18.4 mm (range 16.4-21.3 mm).
SSCT contribution 
/i--
/,VÕÀÛiÜ>Ã>ÌV>Þ>ÃVi`}VÕÀÛiVÀi>Ã}ÜÌiÝVÕÀÃ>ÌLÌ
ÜÛiVÌÞ>`}ÛiVÌÞÌi`iÝVÕÀÃÃ°ƂÌÌi}ÛiVÌÞÌi`iÝVÕÀÃÃ]
i>,vÀViÃ]iiÀ}Þ>`--
/ÃÌvviÃÃÜiÀiVÃ`iÀ>LÞ}iÀÌ>ÌÃiLÃiÀÛi`
>ÌÌiÜÛiVÌÞÌi`iÝVÕÀÃÃ]>ÌÕ}Ìi`vviÀiViÜ>ÃÌÃ}wV>Ì­«rä°äÇ]
«rä°äÇ>`«rä°£{]ÀiÃ«iVÌÛiÞ®­/>Li£®°
 ƂÌÌiLi}}vÌi-ÎÌi`iÝVÕÀÃ]--
/ÃÌÀiÌV}VÌÀLÕÌi`vÀ{äÌ
Çx¯ÌÌiÌÌ>,>`>ÌÌii`vÌi«ÞÃ}V>iÝVÕÀÃvÌi-ÎÌi`Ìi
SSCT stretching contributed up to almost a 100% (Figure 4). 
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Motion Type Force (mN) Energy (μJ) Stiffness (mN/mm)
Slow ÇÓä­xÇÇ£än{® ÎÈÈÇ­Óx{Ó{ÈäÇ® £{{­ÇÓÓ£®
Fast 1444 (852-2643) ÈÎÓ{­{ÈxÈ£ÈäÇ® 215 (164-519)
Table 1/ii`>--
/,vÀVi]iiÀ}Þ]>`ÃÌvviÃÃÜÌÀ>}i>Ì£ää¯vÌi-ÎÌi`
physiological excursion in the 4 pairs of cadaver hands. 
Figure 4 F SSCT deformation and 
F contact friction with and without 
F tendon deformation as portion 
v,ÌÌ>°,i«ÀiÃiÌi`>ÀiÌi
data; A. with excursion velocity 
2 mm/s with relaxation time. B. with 
excursion velocity 60 mm/s with 
relaxation time. C. with excursion 
velocity 2 mm/s without relaxation 
time. D. with excursion velocity 
60 mm/s without relaxation 
Ìi° ƂLLÀiÛ>ÌÃ\ ,Æ }`} 
resistance, F; force, PE; physio-
logical excursion. 
Poroelastic properties of the tendon
7iV«>À},ÜÌ>`ÜÌÕÌÀi>Ý>ÌÌi]ÌiÀiÜ>Ã>Ã}wV>Ì`vviÀiVi
vÀ, vÀVi >` iiÀ}ÞLiÌÜii ÌiÃi}ÀÕ«Ã >Ì LÌ Ü >` }ÛiVÌÞ Ìi`
iÝVÕÀÃ­«ä°ä£>`«ä°ä£®­/>LiÓ®°/i`vviÀiVi,vÀVi>`iiÀ}ÞLiÌÜii
«ÕÃÜÌ>`ÜÌÕÌÀi>Ý>ÌÌiÜ>Ã>«wi`>ÌÌi}iÀÌi`iÝVÕÀÃÛiVÌÞ
compared to the low-velocity tendon excursion (p=0.01 and p<0.01).
Contact friction contribution
The contact friction was 48 mN at low-velocity tendon excursion and 55 mN at high-
ÛiVÌÞÌi`iÝVÕÀÃ°7ÌÕÌÀi>Ý>ÌÌiÌi,vÀVi>`iiÀ}Þ>Ì}>`
low-velocity tendon excursion were not different (p=0.06 and p=0.60) (Table 2). 
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Motion Type
Force  (mN) Energy (μJ) Force (mN) Energy (μJ)
With relaxation time Without relaxation time
Slow 69 
SD 25
1328 
-{ÇÓ
48 
SD 16
ÇxÓ
-ÓÇÈ
Fast ÓÇ
SD 146
4356
SD 346
55 
SD 16
ÇÇÓ
SD 220
Table 2 i>, vÀVi >` iiÀ}ÞÜÌ ÃÌ>`>À` `iÛ>Ì ­-® >Ì `vviÀiÌ ÌiÃÌ V`ÌÃ  n
cadaver hands.
DISCUSSION
Elevated carpal tunnel pressure, a predominant feature of CTS, is associated with increased 
,>`}ÛiVÌÞÀi«iÌÌÛi>`>`ÜÀÃÌÌÃ°{]x]Ç]ÓÈ, Ã ÌiÀiÃÕÌvÛ}
Ìi`Ã°/iÀivÀi>}`Õ`iÀÃÌ>`}>LÕÌ,Ã«ÀÌ>Ì°ƂÌÕ}Û>ÀÕÃÃÌÕ`iÃ
>ÛiiÛ>Õ>Ìi`Ìi,>`vÀVÌ>ÜÀvÌiyiÝÀÌi`ÌiV>À«>ÌÕi`ÕÀ}
various motions and hand-wrist positions, the delineation of the different mechanisms 
ÛÛi`  , >Ã Ì Lii iÕV`>Ìi`° /i ÀiÃÕÌÃ v ÌÃ ÃÌÕ`Þ `V>Ìi Ì>Ì --
/
ÃÌÀiÌV}] «Ài>ÃÌV «À«iÀÌiÃ v Ìi yiÝÀ Ìi`] >`«ÃÃLÞ --
/] >` VÌ>VÌ
vÀVÌÜÌÃÕÀÀÕ`}ÌÃÃÕiÃ>VÌÀLÕÌi`ÌÌi,°
 Ƃ VÀi>Ãiv, vÀVi>`iiÀ}Þ>`> ÌÀi`v VÀi>Ãi`ÃÌvviÃÃ`Õi Ì--
/
ÃÌÀiÌV}Ü>ÃÃii>Ì>À}iÀiÝVÕÀÃÃ>`}iÀÌi`iÝVÕÀÃÛiVÌiÃ°ƂÌÕ}
«ÀiÛÕÃ ÃÌÕ`iÃ >Ûi Ã«iVÕ>Ìi` Ìi >ÃVi`} «>ÀÌ v Ìi , VÕÀÛi Ü>Ã > Ã>Ìi`
ÀiÃÕÌv--
/ÃÌÀiÌV}]Üi>ÛiVwÀi`ÌÃÞ«ÌiÃÃ°x]£n]ÓÇ The SSCT demonstrates 
characteristics corresponding to viscoelastic material characteristics, proving that SSCT is 
a viscoelastic tissue.20-22,28 >iÝÛÛiÝ«iÀiÌÜÌ--
/v
/-«>ÌiÌÃVÀi>Ãi`
stiffening of the SSCT was found as well, and this led to SSCT embrittlement.ÓÇvÌiÃ>i
mechanism applies for the SSCT at high-velocity tendon excursion, then this may explain 
why high-velocity tendon excursion is a risk factor for CTS.
 ƂvÌiÀ`ÃÀÕ«Ìv>--
/wLÀiÃViVÌi`ÜÌÌi-ÎÌi`]ÜivÕ`>ÃÌ>ÌV
,VÕÀÛi>vÌiÀ>Ì>ÌiÀi}°/ii}ÌvÌÃVÕÀÛi`i«i`i`Ài>Ý>ÌÌi
>`Ìi`iÝVÕÀÃÛiVÌÞ°ƂVÀi>Ãi,Ü>ÃLÃiÀÛi`Üi>Ü}Ài>Ý>Ì
ÌiLiÌÜii«ÕÃ>`VÀi>Ã}Ìi`iÝVÕÀÃÛiVÌÞ>«wi`ÌÃivviVÌ°/Ã
response of tissue to these different test conditions is typical for poroelastic materials.16,29 
7ÌÕÌÀi>Ý>ÌÌiLiÌÜiiÌi`iÝVÕÀÃVÞViÃ]ÌiÀiÜ>ÃÃÌ,]ÜVÜ>ÃÌ
velocity depended. We believe this believe is the result of contact friction with surrounding 
ÌÃÃÕiÃ° /Ã Ã >Ã vÕ`  ÌiÀ yiÝÀ Ìi` iÝVÕÀÃ iÝ«iÀiÌÃ ÜÌÕÌ --
/
involvement.10,117iÌiÀ Ìi>LÃÕÌi, ÃiµÕ> Ì Ì>Ì vÕ` vÀ ÌÀ>ÃÞÛ>yiÝÀ
`}ÌÀÕ«ÀvÕ`ÕÃÌi`,ÌÀÕ}ÌiƂÓ«ÕiÞ ÃÕÜÃVi`vviÀiÌ >`Ã
were used which makes the results not fully comparable.10,30 
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 /ÃÃÌÕ`Þ>ÃÃiÛiÀ>Ì>ÌÃ°ÀÃÌ]Üi>ÛiÌ>>ÞÃi`vÀi>Ý>ÌÌiyÕiViÃ
,Üi--
/ÃÌ>VÌ°*ÀiÛÕÃÃÌÕ`iÃ>ÛiÃÜÌ>Ì--
/V>Li`>>}i`ÜÌ
the range of physiological tendon excursion and allowing no relaxation time in-between 
pulls would not allow viscoelastic recovery of the stretched SSCT.5,9 Therefore the source 
­i°}°]`>>}iÀ«Ài>ÃÌVivviVÌÃ®vÀ«ÃÃLi`vviÀiViÃvÕ`vÀ,ÜÌ--
/Ì>VÌ
with or without relaxation time could not be attributed. Secondly, cadaver hands were 
ÃÌii`ÜÌÃÌiÀiÃ>i°ƂÌÕ}Ã>iÃ>ÃÌ>`>À`i>Ãv>ÌÌi«Ì}ÌÃÕ>Ìi
physiological conditions for testing tendons, it has shown that it can be absorbed more 
>VÌÛiÞV«>Ài`ÌÀ>ÌiÀ>yÕ`Ã°9,23 Therefore, the moistening may have led to 
>«ÞÃ}V>VÀi>Ãiv,°>ÃÌÞ]ÌiÃ>«iÃâiÌV«>ÀiÌi--
/`>Ì>>Ì
`vviÀiÌÌi`iÝVÕÀÃÛiVÌiÃÜ>ÃÌÃ>ÌÃÜÃ}wV>Ì`vviÀiViÃLiÌÜii
}ÀÕ«ÃvÀÃii>ÃÕÀiiÌÃ°ÜiÛiÀ]ÃViÕÀ«ÕÀ«ÃiÜ>ÃiÀiÞÌ`iÃÌÀ>Ìi
prove for assumptions made in previously published studies and since for all paired cadaver 
hands similar trends were seen, we do think it is possible to draw conclusions based on our 
results. 
 ƂÌÕ}Û>ÀÕÃÃÌÕ`iÃÀi«ÀÌi`>LÕÌÌi,ÌiV>À«>ÌÕi]iÛiÃÌ}>Ìi`
ÌiVÌÀLÕÌÃvÌi` vviÀiÌV«iÌÃÌÌiÌÌ>,°ÌÃÃÌÕ`ÞÜi`iÌwi`Ìi
`vviÀiÌV«iÌÃv,L>Ãi``vviÀiViÃiV>V>ÀiÃ«ÃiÕ`iÀ`vviÀiÌ
test conditions. SSCT stretching, poroelasticity of the tendons, and friction contact with 
ÃÕÀÀÕ`} ÌÃÃÕiÃ > >««i>Ài` Ì VÌÀLÕÌi Ì Ìi ÌÌ> Ìi`,°7Ì VÀi>Ãi`
V>À«> ÌÕi «ÀiÃÃÕÀi] >Ã  
/-] VÀi>Ãi` }`} ÀiÃÃÌ>Vi Ã LÃiÀÛi`° VÀi>Ãi`
}`}ÀiÃÃÌ>ViV>VivÀV>}iÃ>ÞvÌi,V«iÌÃ`ÕiÌwLÀâ>Ì
and damage of the SSCT.
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ABSTRACT
The subsynovial connective tissue (SSCT) is a viscoelastic structure connecting the median 
iÀÛi ­ ®>` ÌiyiÝÀ Ìi`Ã  ÌiV>À«> ÌÕi° VÀi>Ãi`ÃÌÀ> À>ÌiÃ  VÀi>Ãi
ÃÌvviÃÃÛÃVi>ÃÌVÌÃÃÕiÃ]>`ÌiÀiLÞÌÃV>«>VÌÞÌÌÀ>ÃviÀÃi>À>`°ƂÃ>ÀiÃÕÌ]
Ìi`iÝVÕÀÃÛiVÌÞ>Þ «>VÌ Ìi `Ã«>ViiÌ° V>À«> ÌÕiÃÞ`Ài
­
/-®Ìi--
/ÃwLÀÌV>`V>LiÀÕ«ÌÕÀi`]ÜV>Þ>vviVÌ Ì>ÃÜi°ÌÃ
study, ultrasonography was performed on 14 wrists of healthy controls and 25 wrists of CTS 
«>ÌiÌÃ`ÕÀ}VÌÀi`w}iÀÌÃ«iÀvÀi`>ÌÎ`vviÀiÌÛiVÌiÃ°}ÌÕ`>
MN and tendon excursion were assessed using a custom speckle tracking algorithm 
and compared across the 3 different velocities. }iiÀ>] `Ã«>ViiÌ VÀi>Ãi`
ÜÌ VÀi>Ã}Ìi`iÝVÕÀÃÛiVÌÞ ­«ćä°äÎ£®° 
/-«>ÌiÌÃiÝLÌi`Ã}wV>ÌÞ
iÃÃ Ì Ì> VÌÀÃ ­«ćä°ääÓ®° /iÃiw`}Ã>Ài VÃÃÌiÌÜÌ Ìi VÕÀÀiÌ
Üi`}iv--
/iV>VÃ
/-]ÜVÃi«>ÌiÌÃÌiwLÀÌV--
/>««i>ÀÃ
to have ruptured from the tendon surface. 
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INTRODUCTION
Motion of the median nerve (MN) has found to be different in patients with carpal tunnel 
syndrome (CTS).1,2 One plausible explanation for this is that the subsynovial connective 
tissue (SSCT) between the MN and tendons becomes severely damaged and ruptures, 
which leads to disconnection between the SSCT and tendon or SSCT and the MN.3 The 
--
/ Ã >ÕÌ>ÞiÀi` ÃÌÀÕVÌÕÀiÜÌ ÌiÀViVÌ} V>}iÕÃ wLÀiÃ Ì>Ì iÛi«Ã
the MN and tendons.4-6-ÌÀiÌV}v Ìi ÌiÀViVÌ}wLÀiÃLiÌÜiiÌi >ÞiÀÃ>`
successive engagement of each consecutive layer allows the SSCT to serve as a friction-
reducing unit between tendons and between tendon and the MN when tendons are in 
Ì­}ÕÀi£®°ÌÌi>iÌ>°ÃÜi`ÌÀÕ}V>`>ÛiÀVÃÌÕ`Þ]ÃÕLÃiµÕiÌÞVwÀi`
clinically, that the SSCT of CTS patients falls into at least two distinctly different categories, 
either tightly adhering to the tendon or becoming completely disconnected from the 
tendon.3
Figure 1 A-B Shown is a macroscopic (A) and electron microscopic (B) image of the SSCT between 
Ìi`Ã°  À>Þ] Ìi --
/ Ã > yÃÞ ÃÌÀÕVÌÕÀi Ì>Ì iÛi«Ã Ìi ÃÌÀÕVÌÕÀiÃ ÜÌ Ìi V>À«>
ÌÕi°/i--
/VÃÃÌÃv>ÞiÀÃÜÌÌiÀViVÌ}wLÀiÃ°/iÃiÌiÀViVÌ}wLÀiÃ>Ài>Ã
ViVÌi`ÌÌiÌi`]ÃÌÀiÌV}ÌiÌiÀViVÌ}wLÀiÃLiÌÜiiVÃiVÕÌÛi>ÞiÀÃÜiÌi
tendon moves. 
«ÞÀ}ÌvÀw}ÕÀi£	Ã}À>Ìi`­*>ÃÌ,iVÃÌÀ-ÕÀ}°ÓääÈ ÛÆ££n­È®\£{£ÎÓÓ®°
ƂÃ>ÃvÌViVÌÛiÌÃÃÕi]--
/ÃÌÕ}ÌÌ«ÃÃiÃÃÛÃVi>ÃÌV«À«iÀÌiÃ°ÇƂLÕ`>Ì
evidence exists demonstrating that increased strain rates increases stiffness and reduces 
deformation at failure in viscoelastic tissues.8-14 Filius et al. showed that peak forces and 
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resistance energy of tendon excursion in the carpal tunnel were greater in specimens 
tested at higher velocities, most probably a direct result of viscoelastic stiffening of the 
SSCT.15 v --
/ ÃÌvviÃÃ] >` ÌiÀiLÞ ÌÃ V>«>VÌÞ Ì ÌÀ>ÃviÀ Ãi>À >`] VÀi>ÃiÃ >Ã >
result of higher strain rates, MN displacement should increase at higher tendon excursion 
velocities, since the MN is a relatively loose structure within the carpal tunnel and the nerve 
cannot move actively.
 
/-«>ÌiÌÃ]wLÀÌVV>}iÃvÌi--
/>ÛiLiiLÃiÀÛi`°16-18 Fibrotic SSCT 
is stiffer and ruptures at smaller strains during tendon excursion.19 This combination of 
VÀi>Ãi`ÃÌvviÃÃ>`v>ÕÀi>ÌÃ>iÀÌi`iÝVÕÀÃÃVÕ`Li>>ÀVÌÀLÕÌÀ
>ÛVÕÃVÞVivÌ>--
/ÕÀÞ]ÀiÃÕÌ}wLÀÃÃ]` iVÀi>Ãi`i>ÃÌVÌÞ]vÕÀÌiÀÃiÃÌÛÌÞ
ÌÕÀÞ]>`ÀiwLÀÃÃ°3,20`ii`]Ãi>ÕÌÀÃ>Ûi«ÃÌÕ>Ìi`Ì>ÌÃÕV>ÛVÕÃ
cycle may be the root cause of CTS.3,21-23 This effect might be even more pronounced 
during higher velocity tendon excursions.15
 Much of our knowledge of SSCT mechanical behaviour has come through cadaveric 
experiments. While useful, there are a number of limitations in these experiments that 
iViÃÃÌ>ÌiÃÌÕ`ÞÛiÃÕLiVÌÃÌ`iÌvÞÃ>ÀÀiÃ«ÃiÌVwÀÌiÃi`iÃ°
this study we investigated the effect of increasing tendon excursion velocity on the resulting 
MN displacement in both CTS patients and healthy controls. Secondly, we investigated 
whether or not tendon excursions change in CTS patients. 
METHODS
Subjects
Fourteen healthy controls and 18 CTS patients were selected for this study. Seven patients 
had bilateral CTS, so subsequently 25 CTS hands were analysed in this study. CTS was 
VwÀi`L>Ãi`VV>iÝ>>Ì>`iÀÛiV`ÕVÌÃÌÕ`ÞÀiÃÕÌÃ°24,25-ÕLiVÌÃ
were excluded from this study if they had a medical history of upper extremity surgery or 
vÀ>VÌÕÀiÃvÌiÜÀÃÌÀ>`À`ÃÀ`iÀÃvÌiÕÃVÕÃiiÌ>ÃÞÃÌi°Ƃ«ÀVi`ÕÀiÃ
ÜiÀiÀiÛiÜi`>`>««ÀÛi`LÞÕÀÃÌÌÕÌ>,iÛiÜ	>À`°
Ultrasound assessment and analysis
-ÕLiVÌÃÜiÀiÃi>Ìi`ÜÌÌi>À«ÃÌi`>>`>ViÌÌ>Li°/i>ÀÜ>Ã«ÃÌi`
ÃÕVÌ>ÌÌivÀi>ÀÜ>ÃÃÕ«>Ìi`]ÌiiLÜyiÝi`ÌÈä`i}ÀiiÃ]>`ÌiÜÀÃÌÜ>Ã
ÌiiÕÌÀ>«ÃÌ°-ÕLiVÌÃÜiÀi>Ãi`ÌyiÝÌiÀw}iÀÃvÀvÕiÝÌiÃÕÌÌi
Ì«vÌiÀw}iÀÃÌÕVi`Ìi«>vÌi>`°/iÞÜiÀi>Ãi`Ì«iÀvÀÌÃÌ
ÛiÀÌi«iÀ`Ãvn]{>`ÓÃiV`Ã­`iwi`]ÀiÃ«iVÌÛiÞ>ÃÜ]i`Õ]>`}
ÛiVÌÞÌi`iÝVÕÀÃ®°}vÀiµÕiVÞÕÌÀ>ÃÕ`ÃV>ÃvÌi ]ÌiyiÝÀ` }ÌÀÕ
ÃÕ«iÀwV>ÃÌi`vÌi``iw}iÀ­-Î®>`ÌiyiÝÀ`}ÌÀÕ«ÀvÕ`ÕÃÌi`
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vÌi``iw}iÀ ­*Î®ÜiÀi>`iÕÃ}>*«Ã 1ÎÎÕÌÀ>ÃÕ`>Vi­*«Ã
iVÌÀVÃ]	iÃÌ]/i iÌiÀ>`Ã®ÜÌ>Ç£xâi>À>ÀÀ>ÞÌÀ>Ã`ÕViÀ°/ivÕÀ>}i
of frequencies was used, depending on the depth of the structure. The transducer was 
«>Vi`>ÌÌi`ÃÌ>ÜÀÃÌVÀi>Ãi>ÌÌiiÛivÌiiÌvÌiV>À«>ÌÕi`iwi`>ÃÌi
«ÀÝ>LÀ`iÀvÌi«ÃvÀiLi­}ÕÀiÓ®°ƂvÌiÀÌiÃÌÀÕVÌÕÀivÌiÀiÃÌ­°i°]Ìi
MN, FDS3 or FDP3) was clearly visualized, there was zoomed in on the structure using the 
ºâ»vÕVÌ°/iÕÌÀ>ÃÕ`>}}ÃiÌÌ}ÃÜiÀiÃiÌ>Ì>ÝÕvÀ>iÀ>Ìi>`
lossless imaging formats were used.
Figure 2 Placement of the 
probe on the wrist when 
making ultrasound scans of 
Ìii`>iÀÛi>`yiÝÀ
Ìi`ÃvÌi``iw}iÀ>Ì
the carpal tunnel.
Data processing to calculate longitudinal displacement of the aforementioned structures has 
Lii`iÃVÀLi`«ÀiÛÕÃÞLÞÀÃÌ>iiÌ>°1,26LÀiv]ÕÌÀ>ÃÕ`>}iÃÜiÀi«ÀÌi`
into the program OsiriX (version 4.1.2 64-bits, http://osirix-viewer.com), rotated if needed 
>`iÝ«ÀÌi`>ÃÕV«ÀiÃÃi`>Õ`Û`iÌiÀi>Ûi­Ƃ6®wiÃ°/iÕV«ÀiÃÃi`Ƃ6½Ã
ÜiÀi «ÀÌi` Ì>Ì>L ­6iÀÃ Óä££>] /i>Ì7À V°]  >ÌV]Ƃ] 1-Ƃ® >`
analysed with an in-house developed and validated speckle tracking algorithm (Figure 3).ÓÇ 
Figure 3 Representative 
example of a longitudinal 
plane ultrasound scan of 
the median nerve (MN) with 
placement of the region of 
ÌiÀiÃÌ­,"®°
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 ƂLÃÕÌi` Ã«>ViiÌÃvÌi ]-ÎÌi`>`*ÎÌi`ÜiÀiV>VÕ>Ìi`°/i
FDS3 and FDP3 tendon displacements were calculated for solely the low velocity. Relative 
MN displacements were characterized by normalizing absolute MN displacement with the 
-ÎÌi``Ã«>ViiÌ°iw} ÌÀi>ÌÛiÌ-ÎÌi``Ã«>ViiÌ
in this way was done because the FDS3 tendon is the tendon closest to the nerve and 
>ÃÃÕi`Ì>ÛiÌi}Ài>ÌiÃÌyÕiVi Ì°28 Relative tendon excursion was 
`iwi`>ÃÌiÀ>ÌvÌi*ÎÌi``Ã«>ViiÌÌ-ÎÌi``Ã«>ViiÌ°
Statistical analysis
Differences between the controls and CTS patients for group characteristics, absolute 
displacement of the MN and tendons as well as the MN/FDS3 and FDS3/FDP3 ratios were 
>>ÞÃi`ÕÃ}ÌiÕ«>Ài`ÌÌiÃÌ>`ÌiVÃµÕ>Ài ÌiÃÌ°,i«i>Ìi`i>ÃÕÀiÃƂ "6Ƃ
was used to evaluate differences in relative MN displacement at different tendon excursion 
ÛiVÌÞiÛiÃÜÌÌiÌÜ}ÀÕ«Ã°*Û>ÕiÃvä°äxÀiÃÃÜiÀiVÃ`iÀi`Ã}wV>Ì°
The statistical analysis was done with Statistical Package for Social Science software (SPSS 
ÛiÀÃ£Ç°ä]
V>}]]1-Ƃ®°
RESULTS
/ÜiÌÞwÛi>`Ãv£n
/-«>ÌiÌÃÜiÀi>}i`]>ÃÜiÀi£{>`Ãv£{i>ÌÞVÌÀÃ°
 Ã}wV>Ì`vviÀiViÃÜiÀivÕ`vÀ>}i]}i`iÀÀL`Þ>ÃÃ`iÝLiÌÜiiÌi
two groups (Table 1). 
Patients (N=18) Controls (N=14) P-value
Age 50 (SD 12) 42 (SD 12) 0.066
Gender (male) 44% 36% 0.618
BMI ÎÓ­-Ç® 30 (SD 13) 0.503
Table 1 Study group characteristics. 
ƂLLÀiÛ>ÌÃ\-ÆÃÌ>`>À``iÛ>Ì]	ÆL`Þ>ÃÃ`iÝ°
*>ÌiÌÃ>`Ã}wV>ÌÞiÃÃ>LÃÕÌi>`Ài>ÌÛi ÌÀi}>À`iÃÃvÌiÌi`
iÝVÕÀÃ ÛiVÌÞ] ÀiÃ«iVÌÛiÞ «ćä°ääÓ >` «ä°ää£ ­/>Li Ó®° /i >À}iÃÌ `vviÀiVi
 Ài>ÌÛi  Ì Ü>Ã LÃiÀÛi` >Ì }ÛiVÌÞ Ìi` iÝVÕÀÃ°   Ã}wV>Ì
differences between patients and controls were found for either absolute FDS3 or FDP3 
Ìi``Ã«>ViiÌ°ÜiÛiÀ] Ìi *ÎÉ-Î À>Ì vÀ
/-«>ÌiÌÃÜ>Ã Ã}wV>ÌÞ
smaller than that for controls (p=0.001).
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CTS hands (N=25) Control hands (N=14) P-value
Absolute MN displacement (cm) at
Low-velocity tendon excursion 0.18 (SD 0.10) ä°Ó£­-ä°äÇ® <0.001
i`Õ-velocity tendon excursion 0.21 (SD 0.12) 0.33 (SD 0.10) 0.002
High-velocity tendon excursion
Absolute tendon displacement (cm) at
FDS3 tendon excursion
FDP3 tendon excursion
0.23 (SD 0.12)
1.88 (SD 0.48)
Ó°ÇÎ­-ä°{®
0.40 (SD 0.11)
1.56 (SD 0.52)
2.82 (SD 0.51)
<0.001
0.064
0.608
Relative MN displacement at
Low-velocity tendon excursion 0.10 (SD 0.06) ä°ÓÓ­-ä°äÇ® <0.001
i`Õ-velocity tendon excursion ä°£Ó­-ä°äÇ® ä°ÓÎ­-ä°äÇ® <0.001
High-velocity tendon excursion
FDP3/FDS3 excursion ratio
0.13 (SD 0.08)
1.53 (SD 0.40)
0.28 (SD 0.11)
1.95 (SD 0.44)
<0.001
0.005
Table 2 Mean absolute and relative displacement with standard deviation of the MN, FDS3 tendon 
and FDP3 tendon at different tendon excursion velocities. 
ƂLLÀiÛ>ÌÃ\ VÆViÌiÌÀi]-Æ ÃÌ>`>À``iÛ>Ì] Æi`>iÀÛi]*ÎÆyiÝÀ`}ÌÀÕ
«ÀvÕ`ÕÃ Ìi` v Ìi``i w}iÀ] -ÎÆ yiÝÀ `}ÌÀÕ ÃÕ«iÀwV>Ã Ìi` v Ìi``i
w}iÀ°
 ÌiVÌÀ}ÀÕ«] ÌiÀiÜ>Ã>Ã}wV>Ì`vviÀiVi  Ìi Ài>ÌÛi `Ã«>ViiÌ
between slow-velocity tendon excursion and medium- and high-velocity tendon excursions 
­«rä°ääx>`«rä°ää£®°Ìi
/-«>ÌiÌ}ÀÕ«ÃiÞ>`vviÀiVi `Ã«>ViiÌ
was seen between low- and high-velocity tendon excursion (p=0.012) (Figure 4).
Figure 4 Relative MN displacements at 
different tendon excursion velocity levels 
vÀ
/-«>ÌiÌÃ>`VÌÀÃ°-}wV>Ì
differences exist for relative MN motion 
between the different tendon excursion 
velocity levels for CTS patients and 
controls.
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ÌÃÃÌÕ`ÞÜiÛiÃÌ}>Ìi`ÌiivviVÌvÌi`iÝVÕÀÃÛiVÌÞ `Ã«>ViiÌ
in CTS patients and healthy controls. We found that in the healthy control group there 
was more MN displacement compared to the CTS group, and a trend of increased MN 
displacement at higher tendon excursion velocities was found. This trend, however less 
obvious, was also observed in the CTS patient group. 
 VÀi>Ãi` Ìi` iÝVÕÀÃ ÛiVÌiÃ ÀiÃÕÌi`  VÀi>Ãi`   `Ã«>ViiÌ° /i
SSCT is a multi-layered structure that interconnects structures within the carpal tunnel. The 
MN is a structure that moves only passively, by traction either of its attachments or due 
ÌVÌ>VÌ vÀVÌÜÌ>`>ViÌÌÃÃÕiÃ]«ÀiÃÕ>LÞ`ÀÛiLÞ >`ÃvÛ}Ìi`Ã
that are transmitted through the SSCT.6,29}ÛiVÌÞ Ìi`iÝVÕÀÃÃ ÀiµÕÀiÀi
force to overcome sliding resistance compared to low velocity tendon excursions in healthy 
ÃÕLiVÌÃ°15Ƃ«>ÕÃLiiÝ«>>ÌÃÌ>ÌÌÃÃ>ÀiÃÕÌvÌiÛÃVi>ÃÌVÌÞvÌi--
/]
ÜÌÌi--
/LiV}ÃÌvviÀ>Ì}iÀÛiVÌiÃ°ƂÃÌvviÀ--
/ÜÀiÃÃÌÃÌÀiÌV}Ài
and will move more closely associated with the driving tendon and taking along the MN. 
This was indeed observed in our study. 
 The relative MN displacement was not as strongly affected by different velocities 
of tendon excursion in the CTS patient group compared to the controls. Moreover, the 
average relative MN displacement in the CTS patient group was well below that observed 
in the control group, as noted by others as well.1,2 This may suggest that in this patient 
population the SSCT between the MN and FDS3 tendon was at least partly disrupted. We 
made the assumption that any observed MN motion would be a result of SSCT action, and 
Ì>Ìv ÛiVÌÞ>`iÝVÕÀÃ>ÌVi`Ì>ÌvÌi>`>ViÌÌi`]ÌiÃÌ«ÀL>Li
iÝ«>>ÌÜ>Ã>wLÀÌV--
/L`}ÌiiÀÛi>`Ìi`Ì}iÌiÀ]Ã>ÀÌÜ>Ì>Ã
LiiÃÜÜÌÀi}>À`ÌÌi--
/>`ÌiyiÝÀ`}ÌÀÕÃÕ«iÀwV>Ã­-®Ìi`
by Ettema et al.3/iÀÃÌÕ`ÞÃÜi`>À>`ÃÌÀLÕÌv--
/Ì°iÀiLÞ
varying degrees of adherence of the SSCT and FDS tendon were found, ranging from tight 
adherence and linked motion in some CTS patients, to a complete failure of the SSCT-FDS 
tendon connection in other CTS patients, with no correlation between the movement of 
one structure and another. This latter phenomenon, we saw especially in our low excursion 
iÀÛiÃ]LÕÌ ÌÃiiÝÌiÌ > Ìi
/-iÀÛiÃ°/Ãw`}ÃÕ}}iÃÌÃ Ì>Ì]Õi Ìi
SSCT around the FDS tendon, which is often adherent in CTS,3 with regard to the MN, the 
SSCT between it and the underlying tendons tend to fail, so that the nerve and tendons 
>ÀiiÃÃVÃiÞ>ÃÃV>Ìi`°/Ã>ÞÀiÃÕÌÀiwÝ>ÌvÌiiÀÛiÌÌiÛiÀÞ}
yiÝÀÀiÌ>VÕÕ]ÀiÃÕÌ}iÃÃ`ÀÃ>«>>ÀiÀÛiLÌÞ]>«iiLÃiÀÛi`
by others.30,31 
  ÌÃÃÌÕ`Þ ÌiÀiÜ>Ã> ÌÀi`v VÀi>Ãi`-ÎÌi`iÝVÕÀÃ°
«>À>Li Ì
ÌiVÕÀÀiÌÃÌÕ`Þ]Õ}iÌ>°>`iÃLÕÀ}iÌ>°>ÃLÃiÀÛi`> ÌÀi`v VÀi>Ãi`
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-Ìi`iÝVÕÀÃ]>ÌÕ}ÌÃ}wV>Ì°2,32ÀÃÌ>iiÌ>°vÕ`Ã}wV>ÌÞÀi
FDS3 excursion and less FDP3 excursion in CTS patients.1/iÀÀ>Ì>ivÀÌÃw`}
Ü>Ã Ì>Ì wLÀÌV --
/ ÌÃÃÕi V>ÕÃiÃ >`iÃÃ LiÌÜii Ìi - >` yiÝÀ `}ÌÀÕ
«ÀvÕ`ÕÃ ­*® Ìi`v VÀÀiÃ«`}w}iÀÃ] V>ÕÃ} Ìi- Ìi` ÌLiÀi
adherent to the FDP tendon, thereby increasing FDS tendon excursion and restricting FDP 
tendon excursion.31 More hands were included into that study and the wrists within the 
same CTS patient were compared, which will affect the statistical power. To our knowledge 
w}iÀÌ
/-«>ÌiÌÃ>ÃÌLiiÛiÃÌ}>Ìi`>`ÌiÀivÀiÌÃÕÜvÌÃ
Ì«>ÌÃ>ÌiÀi`°7iw`Ìi«ÃÃLÌÞvV>}iÃ*ÎÉ-ÎÃÞiÀ}Þ
/-
«>ÌiÌÃÌÀ}Õ}>`ÜÕ`w`Ì>ÌiÀiÃÌ}Ì«VvÀvÕÀÌiÀÛiÃÌ}>Ì°
 Our study has several limitations. First, we measured MN motion and not the SSCT 
motion. Measuring the SSCT would be relevant, because it is an important component of 
ÌiV>À«>ÌÕi>`«V>Ìi`Ìi>iÌ}Þv
/-°ÜiÛiÀ]LÌ>}VÃÃÌiÌ
>`Ài>Li--
/`Ã«>ViiÌi>ÃÕÀiiÌÃÃ`vwVÕÌ]LiV>ÕÃiÌi--
/Ã>ÛiÀÞÌ
structure (<1 mm), at the limit of resolution of our ultrasound method, especially at high-
ÛiVÌÞÌi`iÝVÕÀÃÃ°}ÛiVÌÞÌi`iÝVÕÀÃÃ>ÃÃV>Ìi`ÜÌÀiÛ}ÀÕÃ
movements are likely to cause more transverse displacement and more speckle pattern 
changes per frame. Currently very-high frequency ultrasound machines (i.e., VisualSonics 
6iÛÓ£ää®>Ài`iÛi«i`ÜÌVÀi>Ãi`µÕ>ÌÞv>}}>`ÃÌÀ>}iV>«>VÌÞ°Ìi
future usage of these machines in vivo may increase the accuracy of the measurements 
v --
/ Ì°  >``Ì] Ài iÝ«iÀiVi >` vÕÀÌiÀ `iÛi«iÌ v >>ÞÃ}
methods taking into account the layered properties of SSCT may also lead to more 
accurate measurements. For now, our rationale to focus on the MN is that CTS is ultimately 
a disorder of the MN. Moreover, in this study we made the assumption that any observed 
MN motion would be a result of SSCT action, as described above. Therefore MN motion 
was considered to be a good alternative to measuring SSCT motion directly, although this 
VÕ`Li>>ÌÌiÀv`iL>ÌiL>Ãi`w`}ÃvÌÃÃÌÕ`Þ°ƂÃiV`Ì>ÌÃÌ>ÌÜi
have not investigated factors that could also play a role in affecting the MN motion, such 
as the size of the MN, which is altered in patients with CTS.33,34 Third, tendon excursion 
was only measured at one speed and was assumed constant. Yoshii et al. showed that 
for the same motion tendon excursion remained constant regardless different tendon 
velocities.35 Therefore, we believe that this is a reasonable assumption, but if excursions 
were different at different velocities, this will have affected the results. Lastly, we did not 
take into consideration the difference between dominant versus non-dominant hand or 
right versus left hand. Few is know about possible biomechanical differences for hand 
`>ViÛÛ°ÕÃiÌ>°``Ìw``vviÀiViÌÀ>ÃÛiÀÃi«>iÌi`>`iÀÛi
motion between the two hands of one individual.28ÜiÛiÀ]ÌiivviVÌ>`` >Vi
and tendon and nerve motion in the longitudinal plane is unknown. 
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  ÃÕ>ÀÞ] ÕÌÀ>Ã}À>«Þ  Û} ÃÕLiVÌÃ VwÀÃ Ì>Ì   `Ã«>ViiÌ
increases with increasing tendon excursion velocity. Less MN displacement is found in 
CTS patients overall and there is a diminished effect of tendon excursion velocity on the 
MN displacement. This could be caused by a disruption of the SSCT between the MN 
and nearby tendons, an observation consistent with other studies of CTS patients. These 
w`}Ã>Þ>ÛiVV>ÕÌÌÞ°7iÌiÀ`Û`Õ>Û>À>ÌÃÌiÃ}À>«Vw`}Ã
of CTS patients might have therapeutic or prognostic implications is unknown, but could 
be studied. 
The potential link between hand motions and the development of CTS xÇ
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ABSTRACT
Reliability and reference values are not well established for most dynamic sonographic 
i>ÃÕÀiiÌÃvÌii`>iÀÛi>`yiÝÀÌi`ÃÌ>Ì>ÞLiÕÃi`vÀ`>}Ã}
carpal tunnel syndrome (CTS). Wrists of 20 healthy participants were imaged using 
ultrasound. Cines of the carpal tunnel inlet were acquired during hand motion. Based on 
shape and displacement measurements, intrarater and interrater reliability and reference 
Û>ÕiÃÜiÀi V>VÕ>Ìi`° ÌÀ>V>ÃÃ VÀÀi>Ì VivwViÌÃ ­

® vÀi>ÃÕÀiiÌÃv Ìi
i`>iÀÛi>`ÃÌyiÝÀ Ìi`ÃÜiÀiĈä°x£vÀÃ>«i«>À>iÌiÀÃ>`Ĉä°Ç£vÀ
`Ã«>ViiÌ «>À>iÌiÀÃ° ÕÀ} >` Ì Ìi i`> iÀÛi y>ÌÌii` ÜÌ Õ>À
ÛiiÌ] Ìi`ÃLiV>iÀiVÀVÕ>À]>`yiÝÀ Ìi`ÃvVÀÀiÃ«`}w}iÀÃ
moved towards each other. Shape and displacement measurements of the median nerve 
>`ÃÌyiÝÀ Ìi`Ã>` Ài>LÌÞ ÀiÃÕÌÃ À>}} vÀ`iÀ>Ìi ÌiÝViiÌ°/i
reference values may be useful for the diagnosis of CTS.  
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INTRODUCTION
Ultrasound is an increasingly used modality for detecting abnormalities at the carpal tunnel. 
Different studies have shown that in carpal tunnel syndrome (CTS) the cross sectional area 
­
-Ƃ®vÌii`>iÀÛiVÀi>ÃiÃ°1 Recent studies have suggested that ultrasound may 
ÌÞLiÛ>Õ>LivÀ`iÌiVÌ}V>}iÃÌi
-ƂvÌii`>iÀÛi]LÕÌ>ÃvÀ
i>ÃÕÀ}V>}iÃ Ã>«i>``Ã«>ViiÌvÌiiÀÛi>`Ìi`Ã`ÕÀ}yiÝ
>` iÝÌiÃ ÛiiÌÃ v Ìi w}iÀÃ°2,3 These sonographic measurements may be 
valuable for diagnosing CTS.{Ç 
 The rationale for measuring shape and displacement can be found in the observed 
y>>ÌÀÞwLÀÃÃ>`ÌVi}vÌiViVÌÛiÌÃÃÕiÌiV>À«>ÌÕi°8Ì
Ã ÃÕ}}iÃÌi` Ì>Ì Ìiy>>ÌÀÞwLÀÃÃv ViVÌÛi ÌÃÃÕi«>ÞÃ> «ÀÌ>Ì
role in the development of CTS.9-13 Moreover, changes in the properties of the connective 
ÌÃÃÕi}ÌLiÌiwÀÃÌ«>Ì«ÞÃ}V>ÃÌi«Ìi`iÛi«iÌv
/-°14 Changes in 
connective tissue properties may alter movement of the nerve and tendons and thus affect 
the median nerve.15-18 Consequently, measuring changes in shape and displacement of the 
iÀÛi>`yiÝÀÌi`ÃÕÃÌ«ÀÝ>ÌÌiV>À«>ÌÕiiÌ>Þ«ÀÛ`ivÀ>Ì
about possible changes in CTS patients. 
 Nonetheless, the sonographic image quality and thus the interpretation of the 
sonographic images varies between raters.19 While some studies have reported on the 
dynamic changes of the nerve and tendons in transverse sonographic images,2,3 to our 
knowledge, no study has been conducted to examine the reliability of these measurements 
within 1 rater or between raters. 
 To answer these questions, we assessed the reliability of measuring shape (area, circularity 
and perimeter) and displacement (endpoint displacement and path displacement) of the 
median nerve and the tendons in both wrists of healthy participants using ultrasound. 
>``Ì] vi>ÃÕÀiiÌÃÜiÀiÀi>Li]ÜiÀi«ÀÌÌiÀiviÀiViÛ>ÕiÃvÃ>«i>`
displacement parameters for different hand postures.
MATERIALS AND METHODS
Participants
We recruited 20 asymptomatic participants (10 men and 10 women), with a mean age of 28 
Þi>ÀÃ­À>}iÓ£ÌÇÓÞi>ÀÃ®>`ÜÌÕÌ>ÞÃÌÀÞvÜÀÃÌ«>Ì}ÞÀÕ««iÀiÝÌÀiÌÞ
ÃÕÀ}iÀÞ ­i°}°]ÃÌÀÞv ÌÀ>Õ>ÌV ÕÀiÃ Ì Ìi>`À vÀi>À]V>À«> ÌÕi Àii>Ãi]
ÌÀ}}iÀ w}iÀ®° /i V> i`V> iÌVÃ VÌÌii >««ÀÛi` ÌÃ ÃÌÕ`Þ] >` vÀi`
consent was obtained from all participants.
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Sonographic recordings and measurement protocol 
We acquired cines at the carpal tunnel inlet using the Philips iU22 ultrasound system 
(Philips Electronics, Eindhoven, The Netherlands) and the L12-5 linear array transducer 
ÜÌ > vÀiµÕiVÞ L>` À>}} vÀ x Ì £Óâ° /i vÕ À>}i v vÀiµÕiViÃ Ü>Ã
used, depending on the depth of the tissue. The following settings were used: all image 
i>ViÀÃ­8ÀiÃ]-
/]>`Ƃ
®ÜÌiÝVi«Ìv«iÀÃÃÌiVi]ÜVÜ>ÃÌÕÀi`vv
to minimize blurring during tendon and nerve displacement. Power output was maximized 
for full penetration, and the pulse repetition frequency was set at high. The frame rate was 
wÝi`>ÌÇÎâ]>`>}iÀiÃÕÌÜ>Ãä°änÎÉ«Ýi°Ƃ«ÞÃV>ÜÌiÝ«iÀiVi
musculoskeletal sonography of the upper extremity made the cines. 
 *>ÀÌV«>ÌÃÜiÀi Ãi>Ìi`ÜÌ Ìi>À«ÃÌi`> Ì>Li°/iiLÜÜ>ÃyiÝi`
approximately 120°, and the wrist was extended. The transducer was placed at the distal 
yiÝ ÜÀÃÌ VÀi>Ãi Ì >}i Ìi «ÀÝ> V>À«> ÌÕi iÌ] ÜV Ü>Ã `iÌwi` LÞ
the pisiform bone and the scaphoid tubercle. Due to the relatively high attenuation rate 
vLi V«>Ài` Ì ÃvÌ ÌÃÃÕi]Üi ÛÃÕ>âi` ÕÃÌ «ÀÝ> Ì Ìi«ÃvÀLi >`
scaphoid tubercle to achieve a more clear view of the nerve and tendons. The median 
iÀÛiÜ>Ã`iÌwi`LÞÌiÞ«iVVv>ÃVVÕ>ÀÃÌÀÕVÌÕÀiÃÕÀÀÕ`i`LÞ>Þ«iÀiVV
iÀÛiÃi>Ì]>`ÌiÌi`ÃÜiÀi`iÌwi`LÞÌiÀÞ«iÀiVVwLÀ>ÀÃÌÀÕVÌÕÀi°ƂvÌiÀ
`iÌwV>ÌvÌii`>iÀÛi]Üi`iÌwi`ÌiyiÝÀ` }ÌÀÕÃÕ«iÀwV>Ã­-®>`
ÌiyiÝÀ`}ÌÀÕ«ÀvÕ`ÕÃ­*®Ìi`ÃvÌi`iÝw}iÀ>```iw}iÀ°/i
Ìi`ÃvÌiÀ}w}iÀ>`ÌÌiw}iÀÜiÀiiÝVÕ`i`vÀ`iÌwV>Ì°/iÃiÌi`Ã
were poorly visible due to different angulation between transducer and tendons compared 
to that of the median nerve, which was our main focus. Since tendon visualization strongly 
depends on the angle of insonation, slightly different angles result in a diminished view of 
the tendon. This change of echogenicity of the tendon due to change of angulation of the 
tendon with respect to the transducer is called anisotropy.
Motion protocol
We made a 10 second cine of the right and left wrists. Starting from full extension of all 
w}iÀÃ ­}ÕÀi £Ƃ®] «>ÀÌV«>ÌÃÜiÀi >Ãi` Ì vÕÞ yiÝ > w}iÀÃ ­}ÕÀi £	®ÜÌ x
ÃiV`ÃÜÌÕÌvÀVi°ƂvÌiÀyiÝ]«>ÀÌV«>ÌÃÜiÀi>Ãi`Ì>Ì>ÌÃw}iÀ«ÃÌ
for 2 seconds followed by a forceful grip for 3 seconds (Figure 1C).20 Participants were not 
>Üi`ÌyiÝÌiÀÜÀÃÌÃ`ÕÀ}w}iÀÌÃ°Ƃ>ÃÃÃÌ>ÌÀiÃi>ÀViÀViVi`ÌLi
certain that participants followed the protocol. The examination time was approximately 5 
to 10 minutes per wrist.
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Figure 1A-C The different hand 
postures of the motion protocol; 
iÝÌiÃv>w}iÀÃ­A®]yiÝ
v>w}iÀÃ­B®]>`yiÝÜÌ
forceful grip (C).
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Image processing
For analysis we used an in-house developed image processing software package based 
>Ì>L­Ç°£ä,Óä£ä>Æ/i>Ì7ÀÃ]V°] >ÌV]Ƃ]1-Ƃ®°/`iÌvÞÌi`vviÀiÌ
structures and to calculate shape and displacement parameters, we placed polygons 
>Õ>ÞÌiÕÌÃ`iLÀ`iÀvÌii`>iÀÛi>`Ìi{yiÝÀÌi`ÃÌivÀ>iÃ
vÌi>Õ`Û`iÌiÀi>Ûi­Ƃ6®­}ÕÀiÓ®°ƂVÃiVÕÌÛivÀ>iÃÜiÀi>>ÞÃi`Ã>ÀÞ
with a frame interval of 40 frames. This way, we placed polygons on 11 images during the 
yiÝÛiiÌvÌiw}iÀÃ°
Figure 2ƂÌÀ>ÃÛiÀÃiÃ}À>«V>}i>ÌÌiV>À«>ÌÕiiÌvÌiÀ}ÌÜÀÃÌv>i>ÌÞ«iÀÃ
`ÕÀ}iÝÌiÃv>w}iÀÃ°Ƃ>Õ>Þ«>Vi`«Þ}ÌiÕÌÃ`iLÀ`iÀvÌii`>iÀÛi
Ã`Ã«>Þi`°/iÃi«Þ}ÃÜiÀi>Ã«>Vi`>Õ>Þ>ÀÕ`Ìii`>iÀÛi>`yiÝÀÌi`Ã
in the different frames of the cines. 
Shape and displacement parameters
ÀÌi«Þ}ÃÌiƂ6wiÃ]ÌivÜ}ÕÌVii>ÃÕÀiÃÜiÀiV>VÕ>Ìi`\>Ài>]
perimeter, circularity, centre of mass (CoM), and the transverse endpoint displacement and 
path displacement of the median nerve and tendons. The shape parameters values were 
V>VÕ>Ìi`vÀ>w}iÀÃ>ÌiÝÌiÃ­vÀ>i£®]yiÝ­vÀ>iÈ®]>``ÕÀ}vÀVivÕ}À«°
ƂÀi>Ü>Ã V>VÕ>Ìi`L>Ãi` ÌiÕLiÀv«ÝiÃÜÌ Ìi«Þ}° *iÀiÌiÀÜ>Ã
V>VÕ>Ìi`>ÃÌiÌÌ>i}ÌvÌiiÃi}iÌÃvÌi«Þ}°
ÀVÕ>ÀÌÞÜ>Ã` iwi`>Ã\
    

    Eq. 1
 
ƂVÀVÕ>ÀÌÞv £ `V>ÌiÃ >«iÀviVÌ VÀVi]Üi > VÀVÕ>ÀÌÞ Ã>iÀ Ì>£ `V>ÌiÃ >
deviation from a circle, such as a more ellipsoid or a more irregular shape. 
 Displacement calculations were based on the displacement of the CoM between 
`vviÀiÌvÀ>iÃÀi>ÌÛiÌÌi
vÌi*Ìi`vÌi``iw}iÀ°/i
Ü>Ã
`iwi`>ÃÌi}À>ÛÌ>Ì>«ÌvÌi«Þ}ÌiÀÃv>ÝVÀ`>Ìi­À>`>Õ>À
axis) and y-coordinate (palmar-dorsal axis). Two displacement parameters were calculated; 
the endpoint displacement and the path displacement. 
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 To calculate endpoint displacement, the displacement was calculated as the difference 
of CoM coordinates between the frames of the 3 hand postures. N is the frame at the start 
point and p is the frame at the endpoint, and x and y are the corresponding coordinates of 
the CoM. For path displacement we compared the displacement between extension of all 
w}iÀÃ­vÀ>i£®>`yiÝv>w}iÀÃ­vÀ>iÈ®>`iÝÌiÃv>w}iÀÃ­vÀ>i£®Ì
forceful grip (maximum displacement frame). The endpoint displacement vector between 
vÀ>i>`vÀ>i«Ü>Ã`iwi`>Ã\
           
 
 Eq. 2
To calculate path displacement, the displacements between all consecutive frames were 
ÕÃi`­vÀ>iÃ£Ì££®>`ÌiõÝp in Eq. 2 was substituted by xn-1, and all separate vectors 
were summated:
        


 
  Eq. 3
Since the path displacement includes displacements across all frames, the path displacement 
ÃLÞ`iwÌ>À}iÀÌ>Ìii`«Ì`Ã«>ViiÌ°
Statistical analysis
/`iÌiÀiÌÀ>À>ÌiÀÀi>LÌÞÌiwÀÃÌÀ>ÌiÀ>>ÞÃi`ÌiƂ6wiÃvÌiÀ}ÌÜÀÃÌv£ä
participants twice in a randomized order with an interval of at least 1 day. To determine the 
ÌiÀÀ>ÌiÀÀi>LÌÞ]>ÃiV`À>ÌiÀ>>ÞÃi`ÌiÃ>iƂ6wiÃvÀÌiÀ}ÌÜÀÃÌvÌiÃ>i
£ä«>ÀÌV«>ÌÃ]>}>>À>`âi`À`iÀ>`L`i`ÌÌiÀiÃÕÌÃvÌiwÀÃÌÀ>ÌiÀ°
/iwÀÃÌÀ>ÌiÀÜ>Ã>«ÞÃV>ÜÌiÝ«iÀiVi«iÀvÀ}ÕÃVÕÃiiÌ>ÕÌÀ>ÃÕ`°
/iÃiV`À>ÌiÀÜ>Ã> ÕÀ ÀiÃi>ÀViÀÜ>`«>ÀÌV«>Ìi` ÀiÕÃVÕÃiiÌ>
sonographic research. From these data, we calculated both the intra- and the interrater 
Ài>LÌÞ v Ìi ÌÀ>V>ÃÃ VÀÀi>Ì VivwViÌÃ ­

® ÕÃ} >ÌÜÜ>Þ À>` ivviVÌ
`iÜÌÃ}ii>ÃÕÀi>`>LÃÕÌi>}ÀiiiÌ°7iV>ÃÃwi`ÕÀÀiÃÕÌÃ>VVÀ`}Ì
ÌiV>ÃÃwV>ÌviÃÃ°21
 We calculated the reference values for all shape and displacement parameters, except if 
ÌiÌÀ>À>ÌiÀÀÌiÀÀ>ÌiÀ

Ü>ÃÜiÀÌ>ä°{°ÀiÛiÀ]v£ÀÀiÃ>«i«>À>iÌiÀÃ
>`>ÌÀ>À>ÌiÀÀ ÌiÀÀ>ÌiÀ

Õ`iÀä°{]>Ã>«i«>À>iÌiÀÃvÌiÃÌÀÕVÌÕÀiÜiÀi
ÌÀi«ÀÌi`°ƂÀi«i>Ìi`i>ÃÕÀiƂ "6ƂÜÌÓÜÌv>VÌÀÃ­>`«ÃÌÕÀi>`Ã`i®
Ü>ÃÕÃi`Ì`iÌiÀiÃ}wV>Ì`vviÀiViÃLiÌÜiiÌiÀiviÀiViÛ>ÕiÃvÌi`vviÀiÌ
parameters of the 3 different hand postures and between the left and right hands. *ÃÌV 
tests with Bonferroni correction were used to evaluate differences between hand postures. 
Ƃ«Û>ÕiviÃÃÌ>ä°äxÜ>Ã`iii`Ã}wV>Ì°/iÃÌ>ÌÃÌV>>>ÞÃÃÜ>Ã>`iÜÌ
Ìi-Ì>ÌÃÌV>*>V>}ivÀ-V>-ViViÃvÌÜ>ÀiÛiÀÃ£Ç°ä­-*--]
V>}]]1-Ƃ®°
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RESULTS
Intrarater reliability
"ÛiÀ> ÌiÀi Ü>Ã > `iÀ>Ìi Ì iÝViiÌ ÌÀ>À>ÌiÀ Ài>LÌÞ ­

Ĉä°È{® vÀ >Ài>]
circularity, and perimeter of the median nerve and all tendons. The reliability of CoM and 
`Ã«>ViiÌvÌii`>iÀÛi>`Ìi`ÃÜiÀiiÝViiÌ­

Ĉä°nÓ®]iÝVi«ÌvÀÌi


vÌii`«Ì`Ã«>ViiÌvÌiÀ}w}iÀ*­

rä°Èx®>`Ìi``iw}iÀ
*­

rä°Ó{®­/>Li£®°
Intrarater reliability
MN FDS2 FDP2 FDS3 FDP3
ICC 
­x¯
®
ICC 
­x¯
®
ICC 
­x¯
®
ICC 
­x¯
®
ICC 
­x¯
®
Area 0.75
(0.28-0.93)
0.87
­ä°xÈä°Ç®
0.72
(0.15-0.93)
0.64
(0.04-0.90)
0.77
(0.28-0.94)
Circularity 0.77
(0.36-0.94)
0.94
(0.80-0.99)
0.86
(0.55-0.96)
0.89
­ä°ÈÓä°Ç®
0.71
(0.23-0.92)
Perimeter 0.87­ä°x{ä°Ç®
0.80
(0.31-0.95)
0.71
(0.21-0.2)
0.97
(0.89-0.99)
0.78
(0.33-0.94)
Centre of Mass
x-coordinate
0.98
­ä°È{ä°Ç®
0.96
(0.85-0.99)
0.99
(0.98-1.00)
0.97
(0.94-0.99)
0.89
­ä°xÇä°n®
Centre of Mass
y-coordinate
0.99
(0.94-1.00)
0.89
­ä°È{ä°Ç®
0.99
­ä°Ç£°ää®
0.99
(0.94-1.00)
0.97
(0.84-0.99)
Endpoint
displacement
0.91
(0.69-0.98)
0.85
­ä°{Óä°Ç®
0.65
(0.00-0.93)
0.82
(0.34-0.96)
0.24
­ä°Ó£ä°Ç®
Path 
displacement
0.96
(0.85-0.99)
0.99
(0.96-1.00)
0.92
­ä°ÇÓä°n®
0.94
­ä°Çä°n®
0.95
(0.82-0.99)
Table 1 ÌÀ>À>ÌiÀ Ài>LÌÞ° /i ÌÀ>À>ÌiÀ 

Ã ÜÌ x¯ 
 vÀ Ìi i>ÃÕÀiiÌÃ v `vviÀiÌ
parameters of the MN, FDS2, FDP2, FDS3 and the FDP3.
ƂLLÀiÛ>ÌÃ\ Æi`>iÀÛi] -ÓÆ yiÝÀ`}ÌÀÕ ÃÕ«iÀwV>Ã Ìi`v Ìi `iÝ w}iÀ]
*ÓÆ yiÝÀ `}ÌÀÕ «ÀvÕ`ÕÃ Ìi` v Ìi `iÝ w}iÀ] -ÎÆ yiÝÀ `}ÌÀÕ ÃÕ«iÀwV>Ã
Ìi` v Ìi``i w}iÀ] *ÎÆ yiÝÀ `}ÌÀÕ«ÀvÕ`ÕÃ Ìi` v Ìi``i w}iÀ] 

Æ
ÌÀ>V>ÃÃVÀÀi>ÌVivwViÌ]
ÆVw`iViÌiÀÛ>°
Interrater reliability 
"ÛiÀ>ÌiÀiÜ>Ã>`iÀ>ÌiÌiÝViiÌÌÀ>À>ÌiÀÀi>LÌÞ­

Ĉä°x£®vÀ>Ài>]VÀVÕ>ÀÌÞ
>`«iÀiÌiÀvÌii`>iÀÛi>`Ìi->`*vÌi`iÝw}iÀ>`Ìi-v
Ìi``iw}iÀ°ÃÌvÌi

ÃvÌiÃ>«i«>À>iÌiÀÃvÌi``iw}iÀ*ÜiÀi
«À ­

ćä°{£® >` ÌiÀivÀi iÝVÕ`i` vÀ vÕÀÌiÀ >>ÞÃÃ°"ÛiÀ>] Ìi Ài>LÌÞ v

>``Ã«>ViiÌvÌii`>iÀÛi>`Ìi`ÃÜ>ÃiÝViiÌ­

Ĉä°nÈ®]iÝVi«Ì
vÀÌi
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Interrater reliability
MN FDS2 FDP2 FDS3 FDP3
ICC 
­x¯
®
ICC 
­x¯
®
ICC 
­x¯
®
ICC 
­x¯
®
ICC 
­x¯
®
Area 0.75
(0.29-0.93)
0.64
(0.05-0.90)
0.65
(0.12-0.90)
0.51
(-0.18-0.86)
0.26
­ä°{{ä°Çx®
Circularity 0.58
(-0.08-0.88)
0.84
(0.49-0.96)
0.90
(0.48-0.98)
0.83
­ä°{Çä°È®
-0.17
(-0.82-0.52)
Perimeter 0.83
(0.48-0.95)
0.94
­ä°Çä°®
0.85
(0.54-0.96)
0.88
­ä°Èää°Ç®
0.41
(-0.30-0.82)
Centre of Mass
x-coordinate
0.94
­ä°Çä°®
0.90
­ä°Èxä°Ç®
0.86
­ä°xÓä°Ç®
0.92
­ä°ÇÎä°n®
0.95
­ä°ÇÇä°®
Centre of Mass
y-coordinate
1.00
(0.98-1.00)
0.99
(0.95-1.00)
1.00
(0.99-1.00)
0.97
­ä°ÇÎä°®
0.95
­ä°ÇÇä°®
Endpoint
displacement
0.96
(0.83-0.99)
0.87
­ä°xxä°Ç®
0.86
­ä°ÓÇän®
0.71
(0.14-0.93)
0.97
(0.36-1.00)
Path 
displacement
0.98
(0.90-.99)
0.99
(0.95-1.00)
0.89
­ä°È£ä°Ç®
0.98
(0.93-1.00)
0.92
­ä°ÇÎä°n®
Table 2  ÌiÀÀ>ÌiÀ Ài>LÌÞ° /i ÌiÀÀ>ÌiÀ 

Ã ÜÌ x¯ 
 vÀ Ìii>ÃÕÀiiÌÃ v `vviÀiÌ
parameters of the MN, FDS2, FDP2, FDS3 and the FDP3.
ƂLLÀiÛ>ÌÃ\ Æi`>iÀÛi] -ÓÆ yiÝÀ`}ÌÀÕ ÃÕ«iÀwV>Ã Ìi`v Ìi `iÝ w}iÀ]
*ÓÆ yiÝÀ `}ÌÀÕ «ÀvÕ`ÕÃ Ìi` v Ìi `iÝ w}iÀ] -ÎÆ yiÝÀ `}ÌÀÕ ÃÕ«iÀwV>Ã
Ìi` v Ìi``i w}iÀ] *ÎÆ yiÝÀ `}ÌÀÕ«ÀvÕ`ÕÃ Ìi` v Ìi``i w}iÀ] 

Æ
ÌÀ>V>ÃÃVÀÀi>ÌVivwViÌ]
ÆVw`iViÌiÀÛ>°
Shape reference values
/i >À}iÃÌ `vviÀiViÃ ÜiÀi Ãii LiÌÜii iÝÌiÃ >` yiÝ v > w}iÀÃ ÕÃ}
forceful grip. The circularity decreased by 12% for the median nerve (*<0.05), indicating 
a less-circular nerve, while the perimeter increased by 6% (*<0.05). The tendons showed 
an opposite trend; the tendons became on average 36% more circular while the perimeter 
`iVÀi>Ãi` LÞ ££¯  >ÛiÀ>}i° /Ã «>ÌÌiÀ Ü>Ã ÃÕ««ÀÌi` LÞ Ã}wV>Ì `vviÀiViÃ
(*ä°äx® > Ìi`Ã]iÝVi«ÌLÞÌiV>}i «iÀiÌiÀv Ìi `iÝw}iÀ*>`
``iw}iÀ-­/>LiÎ®­}ÕÀiÎ®°
Displacement reference values
The largest displacement was observed in the median nerve; the path displacement 
vÀiÝÌiÃÌyiÝÕÃ}> vÀVivÕ}À«Ü>ÃÓ£n¯>À}iÀ ­*<0.001) than the path 
`Ã«>ViiÌ vÀiÝÌiÃÌyiÝv>w}iÀÃ°/ii`«Ì`Ã«>ViiÌv Ìi
i`>iÀÛivÀiÝÌiÃÌyiÝÕÃ}>vÀVivÕ}À«Ü>Ã£ä¯­*<0.001) larger than 
Ìii`«Ì` Ã«>ViiÌvÀiÝÌiÃÌyiÝ°ÝVi«ÌvÀÌii`«Ì` Ã«>ViiÌ
of the FDS3, all tendons showed, on average, an increase of 99% in path displacement 
(*<0.001) and an increase of 40% in endpoint displacement (*ćä°ä£Ó®] vÀ iÝÌiÃ
ÌyiÝÕÃ}> vÀVivÕ}À«V«>Ài`ÌiÝÌiÃÌyiÝv>w}iÀÃ ­/>Li{®°
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Figure 3A-CÕÃÌÀ>ÌvÌii`>iÀÛi­ ®>`ÌiyiÝÀ`}ÌÀÕÃÕ«iÀwV>Ã­-®Ìi`Ã
vÌi`iÝ­-Ó®]``i­-Î®]>`À}w}iÀ­-{®>`ÌiyiÝÀ`}ÌÀÕ«ÀvÕ`ÕÃ­*®
Ìi`Ãv`iÝ­*Ó®]``i­*Î®]>`À}w}iÀ­*{®v£«>ÀÌV«>Ì`ÕÀ}Ìi`vviÀiÌ
>`«ÃÌÕÀiÃ°/iÃ>«i>`«ÃÌvÌiiÀÛi>`yiÝÀÌi`Ã`ÕÀ}ÌiÌ>>`«ÃÌÕÀi
are displayed in a transparent colour, and the shape and position of the nerve and tendons during 
Ìiw>>`«ÃÌÕÀiÃ>Ài`Ã«>Þi`>«>µÕiVÕÀ°A. The initial hand posture is extension of 
>w}iÀÃ]>`Ìiw>>`«ÃÌÕÀiÃyiÝv>w}iÀÃ°B°ÕyiÝvÌiw}iÀÃÃV«>Ài`
to forceful grip. C°ÕiÝÌiÃvÌiw}iÀÃÃV«>Ài`ÜÌÌi>`>vÀVivÕ}À«°	>Ãi`
on the manually placed polygons on the outside border of each structure in different frames selected 
LÞÌiiÝ>iÀ]>Ài>]VÀVÕ>ÀÌÞ>`«iÀiÌiÀÜiÀiV>VÕ>Ìi`>Ã`iÃVÀLi`iÌ`Ã°-}wV>Ì
V>}iÃLiÌÜiiÌi`vviÀiÌ>`«ÃÌÕÀiÃvÀVÀVÕ>ÀÌÞ>Ài>Ài`ÜÌI]>`Ã}wV>ÌV>}iÃ
vÀ«iÀiÌiÀ>Ài>Ài`ÜÌa°/iÀiÜiÀiÃ}wV>ÌV>}iÃ>Ài>LiÌÜiiÌi`vviÀiÌ>`
postures.
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Evaluation of in vivo changes of dynamics of carpal tunnel structures in CTS using ultrasoundÇä
Structure
Path displacement in mm 
mean (SD)
Endpoint displacement in mm 
mean (SD)
Extension 
ÆƃGZKQP
Extension
Æ forceful grip P-value
Extension
ÆƃGZKQP
Extension 
Æ forceful grip P-value
MN 3.95 (1.95) 8.63 (3.29) <0.001 2.59 (2.19) 4.91 ­Î°äÇ® <0.001
FDS2 3.04 (1.14) 6.14 ­Ó°ÓÇ® <0.001 1.40 (1.13) 1.97 ­£°ÎÇ® 0.009
FDP2 3.24 (1.20) 6.30 (2.32) <0.001 1.56 (1.32) 2.09 (1.81) 0.012
FDS3 3.77 ­£°ÈÇ® 7.63 (2.84) <0.001 2.49 ­£°Ç{® 2.50 ­Ó°äÇ® ä°ÇÈ
Table 4 Ã«>ViiÌ ÀiviÀiVi Û>ÕiÃ v Ìi i`> iÀÛi >` yiÝÀ Ìi`Ã° -Ü >Ài Ìi
displacement reference values of the MN, FDS2, FDP2 and the FDS3 in healthy persons (N=20, 40 
ÜÀÃÌÃ®ÜÌ-° Ã}wV>Ì`vviÀiViÜ>ÃvÕ`LiÌÜiiÌiivÌ>`À}Ì>`vÀÌi >`
ÌiyiÝÀÌi`Ã]iÝVi«ÌvÀÌiÀ}Ì-Î]ÜV>`>Ã}wV>ÌÞÜiÀi`«Ì`Ã«>ViiÌ°
ÜiÛiÀ]ÌÃÃ}wV>Vi`Ã>««i>Ài`Üi>Ã}iÕÌiÀÜ>ÃiÝVÕ`i`°/iÀivÀi]Üi>ÛiÀ>}i`
>`Ã«>ViiÌÀiviÀiViÛ>ÕiÃvÌiivÌ>`À}Ì>`Ã°/iwÀÃÌVÕÃÜÃÌi`Ã«>ViiÌ
Û>ÕiÃvÌiÃÌÀÕVÌÕÀivÀiÝÌiÃÌyiÝv>w}iÀÃ>`ÌiÃiV`VÕvÀiÝÌiÃÌ
vÀVivÕ}À«°/i«>Ì` Ã«>ViiÌÜ>ÃÃ}wV>ÌÞ>À}iÀ­*<0.001) than the endpoint displacement 
vÀÌii`>iÀÛi>`ÌiyiÝÀÌi`Ã°
ƂLLÀiÛ>ÌÃ\-ÆÃÌ>`>À``iÛ>Ì] Æi`>iÀÛi]-ÓÆyiÝÀ`}ÌÀÕÃÕ«iÀwV>ÃÌi`
vÌi`iÝw}iÀ]*ÓÆyiÝÀ` }ÌÀÕ«ÀvÕ`ÕÃÌi`vÌi`iÝw}iÀ]-ÎÆyiÝÀ` }ÌÀÕ
ÃÕ«iÀwV>ÃÌi`vÌi``iw}iÀ°
">ÛiÀ>}i]vÀiÝÌiÃÌvÀVivÕ}À«Ìi>À` Ã«>ViiÌ` ÀiVÌvÌii`>
nerve was in ulnar direction, and each FDS moved toward its corresponding FDP (Figure 3). 
While the average direction of both path displacement and endpoint displacement was in 
ÌiÕ>À`ÀiVÌ­}ÕÀi{®]>>À}iÛ>ÀiÌÞ`ÀiVÌÃÜ>ÃvÕ`LiÌÜiiÃÕLiVÌÃ°7i
found that the median nerve had a radial direction of displacement in 15 (38%) wrists. This 
number decreased to 4 wrists (10%) when going to forceful grip.
Figure 4 Representation of the median nerve direction vector of displacement (mm) relative to the 
ViÌiÀv>ÃÃ­
®vÌiyiÝÀ`}ÌÀÕ«ÀvÕ`ÕÃÌi`vÌi``iw}iÀ­*Î®°
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5
DISCUSSION
Ã}ÌÌÀi>LÌÞvÃ}À>«Vi>ÃÕÀiiÌÃV>Lii«vÕÜi`iV`}ÜV
measurements can be investigated as a potential test for diagnosing CTS. We found that 
i>ÃÕÀiiÌÃvÃ>«ivÌii`>iÀÛi]->`*vÀÌi`iÝw}iÀ]>`Ìi-
vÌi``iw}iÀ]>`Ìi`Ã«>ViiÌ«>À>iÌiÀÃvÌii`>iÀÛi>`>yiÝÀ
tendons measured had a moderate to excellent reliability. Based on the reliability analysis, we 
established reference values of shape and displacement parameters during the 3 different 
hand postures. The largest changes in shape and displacement were observed between 
iÝÌiÃÌyiÝÕÃ}>vÀVivÕ}À«°ÀÌii`>iÀÛi>``vviÀiÌÌi`Ã]Ìi
total path displacement could be up to 3 times larger than the displacement between 
the start point and end point, indicating that the structures do not move in a straight line. 
 ƂÌÕ} }ÀiÃÕÌ ÕÌÀ>ÃÕ` >ÜÃ «ÀiVÃi >}}] >}i µÕ>ÌÞ >`
therefore the interpretation of the images is rater dependent.19 While previous studies 
focused on the reliability of measuring cross sectional area,6,22 in this study we evaluated 
the intrarater and interrater reliability of dynamic sonographic recordings of the median 
iÀÛi>`Ìi`Ã>Ì ÌiV>À«> ÌÕi iÌ°7iÀi«ÀÌi`iÝ>VÌ 

Û>ÕiÃv>iÀÛi
and tendon parameters so that researchers can choose their own cut-off values. Most 
ÌiÀÕÌÀ>ÃÕ`ÃÌÕ`iÃÀi«ÀÌi`ÃiÞÌiÀÜiÃÌ

Û>ÕiÃÀV>VÕ>Ìi`Þ>Ã}i


°3,6,227iÀi«ÀÌ}ÀiviÀiViÛ>ÕiÃ]ÜiÕÃi`ÌiVÕÌvvÛ>Õiv

ä°{äÌ`iV`i
vÀiviÀiViÛ>ÕiÃÜÕ`LiÀi«ÀÌi`°/ÃÃ>VVÀ`}ÌÌiV>ÃÃwV>ÌviÃÃÜ
ÃÌ>Ìi`Ì>Ì>

ä°{äÀi«ÀiÃiÌÃ«ÀÀi>LÌÞ]>
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has been used in other recent studies.23,24 
 Since the carpal tunnel is a narrow space, possible alterations or impaired movement 
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the wrist and the transducer to calculate absolute displacement.2,3 ÕÀiÝ«iÀiVi] Ì
Ã`vwVÕÌÌiÝVÕ`i>ÌvÌ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making measurements will extend the duration of the examination, and such a device is 
not available in most hospitals. Therefore, using a reference point (e.g., ulnar artery, radial 
artery, scaphoid tubercle, tendon) is more convenient to use and a feasible method for 
measuring displacement.20,25 When the aim is to correct for external movement there is no 
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therefore it can serve as a suitable reference point, even in larger wrists. 
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Evaluation of in vivo changes of dynamics of carpal tunnel structures in CTS using ultrasoundÇÓ
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carpal tunnel,14,26 this condition may be more suitable for detecting differences between 
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gripping is part of the movements made in everyday life activities and because CTS is 
often associated with labor involving higher forces.ÓÇ Since displacements were the largest 
during force production, the chances of detecting a signal are more reliable.
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ä°n£®°6,22 Reliability of the other parameters calculated in this 
study, to our knowledge, has not been reported previously.
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tunnel inlet, since more distal parts were not accessible with the transducer during 
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maintained without pressure by placing the transducer manually and using large quantities 
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compared to measurements of the distal carpal tunnel.19,22 Second, it should be noted that 
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its more hypoechoic appearance.1 Considering the tendons, no sonographic alterations 
have been found in CTS patients, therefore no difference in reliability measurements is 
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
over a limited set of wrists, and to calculate the interrater reliability we used 2 raters. 
ƂÌÕ}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reliability, and excellent intrarater and interrater reliability was found for displacement 
i>ÃÕÀiiÌÃ v Ì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>«iV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Ì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i Ài«ÀÌi` Û>ÕiÃ >` Ì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of different hand postures on structures in the carpal tunnel can be used for evaluating 
possible changes in the displacement and shape of the median nerve and tendons in CTS 
patients and patients with tendon pathology. 
Evaluation of in vivo changes of dynamics of carpal tunnel structures in CTS using ultrasound ÇÎ
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ABSTRACT
The symptoms of carpal tunnel syndrome, a compression neuropathy of the median nerve at 
the wrist, are aggravated by wrist motion, but the effect of these motions on median nerve 
ÌÃÕÜ°À`iÀÌLiÌÌiÀÕ`iÀÃÌ>`ÌiLiV>VÃvÌi>LÀ>iÀÛi]
ÌÃwÀÃÌiViÃÃ>ÀÞÌÕ`iÀÃÌ>`À>iÀÛiÛiiÌ°/i«ÕÀ«ÃivÌÃÃÌÕ`ÞÜ>Ã
to evaluate the deformation and displacement of the normal median nerve at the proximal 
carpal tunnel level on transverse ultrasound images during different wrist movements, in 
order to have a baseline for comparison with movements of the abnormal nerve. Dynamic 
ultrasound images were obtained in both wrists of 10 asymptomatic volunteers during 
ÜÀÃÌ >Ý> yiÝ] iÝÌiÃ >` Õ>À `iÛ>Ì ÜÌ w}iÀ iÝÌiÃ À yiÝ°
 À`iÀ Ì Ã«vÞ Ìi >>ÞÃÃ] Ìi Ì> >` w> Ã>«i >`«ÃÌv Ìii`>
iÀÛiÜiÀii>ÃÕÀi`>`>>ÞÃi`°/iVÀVÕ>ÀÌÞvÌii`>iÀÛiÜ>ÃÃ}wV>ÌÞ
increased and the aspect ratio of the minimal enclosing rectangle and perimeter were 
Ã}wV>ÌÞ`iVÀi>Ãi`Ìiw>>}iV«>Ài`ÌÌ>ÌÌiwÀÃÌ>}i`ÕÀ}ÜÀÃÌ
yiÝÜÌw}iÀiÝÌiÃ>`ÜÌw}iÀyiÝ>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀ
extension (pä°ä£®°/iÀiÜiÀiÃ}wV>Ì` vviÀiViÃi`>iÀÛi` Ã«>ViiÌÛiVÌÀ
LiÌÜiiw}iÀyiÝ]ÜÀÃÌyiÝÜÌw}iÀiÝÌiÃ>`ÜÀÃÌÕ>À`iÛ>ÌÜÌ
w}iÀiÝÌiÃ­>p<0.001). The mean amplitudes of the median nerve motion in wrist 
yiÝÜÌw}iÀiÝÌiÃ­Ó°ÎÈ´ä°ÇÀ>âi`ÕÌÃ®]ÜÀÃÌyiÝÜÌw}iÀyiÝ
­Ó°{È´ä°n{ 1®>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀiÝÌiÃ­Ó°nÈ´ä°x£ 1®ÜiÀi}iÀ
Ì>ÌÃiw}iÀyiÝ­ä°nÓ´ä°ÎÎ 1®]ÜÀÃÌiÝÌiÃÜÌw}iÀiÝÌiÃ­ä°ÇÇ´ä°{È
 1®>`ÜÀÃÌiÝÌiÃÜÌw}iÀyiÝ­ä°n£´ä°xn 1®­pä°ää£®°ÌiÀ>V>À«>
ÌÕi]ÜÀÃÌyiÝ>`Õ>À`iÛ>ÌVÕ``ÕViÃ}wV>ÌÌÀ>ÃÛiÀÃi`Ã«>ViiÌ
and deformation of the median nerve.
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INTRODUCTION
Carpal tunnel syndrome (CTS) is the most common peripheral nerve entrapment syndrome, 
ÜÌ >«ÀiÛ>iViv Î°Ç¯  Ìi}iiÀ>1-««Õ>Ì°1 One plausible mechanism of 

/- Ãi`>iÀÛi «}iiÌLÞiÀÀiv Ìii`}Ì>yiÝÀ Ìi`Ã 
ÌiV>À«>ÌÕi°ÕÀ}w}iÀÀÜÀÃÌÛiiÌ]Ìii`>iÀÛiÃÌÀiÌViÃ«>ÃÃÛiÞ]
Õ`iÀ ÌÀ>VÌ vÀ w}iÀ Ì] ÜiÀi Ìi iÀÛi >ÌÌ>ViÃ `ÃÌ>Þ] >Ã Üi >Ã LÌ
longitudinally and transversely in response to the motion of the surrounding tendons, which 
move actively in the carpal tunnel. Longitudinal sliding of the median nerve in the carpal 
tunnel has been observed both in vitro and in vivo.ÓÇ Wright et al. showed in a cadaver 
ÃÌÕ`ÞÌ>ÌÌvÌiÜÀÃÌ>`w}iÀÃVÕ``ÕViÃÕLÃÌ>Ì>iÝVÕÀÃvÌii`>
nerve at the wrist. With wrist motion, the mean total median nerve excursion was 5.6 mm 
(4.31.95±iÝÌiÃ>`£°Óx´ä°n£yiÝ®°4 Using motion techniques which 
aimed to let the median nerve slide through the carpal tunnel while minimizing the strain, 
longitudinal excursions of up to 12.4 mm were observed.3VÌÀ>ÃÌ]«>ÌiÌÃÜÌ
/-
the longitudinal gliding of the median nerve at the wrist is decreased compared to normal 
ÃÕLiVÌÃ°6
 ÜiÛiÀ]Üi ÌiÃiÃÌÕ`iÃ«ÀÛ`iÛ>Õ>Li vÀ>Ì>LÕÌ Ìi«ÀÝ>`ÃÌ>
movement of median nerve in the carpal tunnel, the tunnel is a three dimensional structure. 
Studying the transverse plane movement of the median nerve in the carpal tunnel is also 
important, and has gained increasing attention in recent years. On transverse section, both 
radial-ulnar and palmar-dorsal movement of the median nerve occurs in response to wrist 
or even single digit motion.8-11ƂÃÜÌ}ÌÕ`>Ì]ÌiÌÀ>ÃÛiÀÃiÛiiÌvÌi
i`>iÀÛiÀiÃ«ÃiÌw}iÀÛiiÌÃÀi`ÕVi`«>ÌiÌÃÜÌ
/-V«>Ài`Ì
À>ÃÕLiVÌÃ°8
  VÌÀ>ÃÌ Ì ÃÌÕ`iÃ  Ìi ÌÀ>ÃÛiÀÃiÛiiÌ v Ìii`> iÀÛi >ÃÃV>Ìi`
ÜÌw}iÀÛiiÌ]Þ>viÜÃÌÕ`iÃ>Ûi>``ÀiÃÃi`ÌiÌÀ>ÃÛiÀÃiÛiiÌvÌi
median nerve associated with wrist movement. The most common manoeuvre, however, to 
«ÀÛiÌiÃÞ«ÌÃv
/-]Ìi*>iÌiÃÌ]ÃÜÀÃÌyiÝÜÌÕÌ>Þw}iÀÌ°12 
>``Ì] ÃÌÀ}«VÀ}À«>ÃÃV>Ìi`ÜÌÜÀÃÌyiÝ ÃVÃ`iÀi` ÌLi> ÀÃ
factor for CTS.13,14 Up to date, little is known about the kinematics of the median nerve 
during these movements.
 -iÛiÀ> ÃÌÕ`iÃ >Ûi ÕÃi` >}iÌV ÀiÃ>Vi >}} ­,® Ì i>ÃÕÀi Ìi
`Ã«>ViiÌÀ`ivÀ>ÌvÌii`>iÀÛi>ÌÃiÃ«iVwVÜÀÃÌ«ÃÌÃ°15-18 Yet 
,>ÃÌ>ÌÃ`iÃÌÀ>Ì}Ìi`Þ>VÛiiÌvÌii`>iÀÛi`ÕÀ}
ÜÀÃÌÛiiÌ° } vÀiµÕiVÞ ÕÌÀ>ÃÕ` >Ã LiVi > «ÀÌ>ÌÕÃVÕÃiiÌ>
imaging modality due to its portability, low cost, ease of use, comfort for the patient, high 
resolution, and capacity for dynamic imaging. While several ultrasound studies have been 
performed to observe the mobility of the median nerve on the transverse section, their 
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`>Ì>ÜiÀiLÌ>i`iÌiÀÃiµÕ>ÌÌ>ÌÛiÞÀ>ÌÃ«iVwVÜÀÃÌÃ«ÃÌÃ]>Ã««Ãi`Ì
imaging the nerve dynamically as the wrist moved.19,20
 «ÀiÛÕÃÃÌÕ`iÃviÀÛi«ÃÌÌiV>À«>ÌÕi]ÃÌ>ÌV>}iÃÜiÀiLÌ>i`
at various wrist positions. Such studies do not allow the analysis of the dynamic effect 
v Ìi`Ì À ÌÃ «>VÌ  iÀÛiÌ°  ÌÃ ÃÌÕ`Þ] ÌiÀivÀi] Üi >>ÞÃi`
dynamic ultrasound images in order to evaluate the deformation and displacement of the 
i`>iÀÛiÛÛ°7iÞ«ÌiÃâi`Ì>ÌViÀÌ>ÜÀÃÌÌÃ}ÌÀiÃÕÌÃ}wV>Ì
deformation and/or displacement of the median nerve in the carpal tunnel.
MATERIALS AND METHODS
/Ã ÃÌÕ`Þ«ÀÌVÜ>Ã>««ÀÛi`LÞÕÀ ÃÌÌÕÌ>,iÛiÜ	>À`°/i>ÃÞ«Ì>ÌV
volunteers (four males and six females), with a mean age of 39.1± 9.8 years, were recruited. 
`Û`Õ>ÃÜiÀi iÝVÕ`i` v ÌiÞ >` Ìi vÜ} V`ÌÃ\ L`Þ>ÃÃ `iÝ ­	®
greater than 30, cervical radiculopathy, rheumatoid arthritis, osteoarthritis, degenerative 
Ì`Ãi>ÃiÌi>`ÀÜÀÃÌ]yiÝÀÌi`ÌÃÌi>`ÀÜÀÃÌ]}ÕÌ]`iÞv>ÕÀi
on haemodialysis, sarcoidosis, peripheral nerve disease, amyloidosis, or fractures to the 
hand or wrist. Written informed consent was obtained from all participants.
Ultrasound examination
>VÃÕLiVÌÜ>Ã>}i`ÜiÃÌÌ}ÜÌÌiÃÕ`iÀiÕÌÀ>«ÃÌ>`ÌivÀi>À
ÃÕ«>Ìi`°/ivÀi>ÀvÌiÃÕLiVÌÜ>Ã«ÕÌ>VÕÃÌ>`iÌ>LiÜÌÌiÜÀÃÌÌi
iÕÌÀ>«ÃÌ°ƂÕÌÀ>ÃÕ`ÃV>iÀ­ƂVÕÃ-iµÕ>
x£Ó]-iiÃi`V>-ÕÌÃ]
>ÛiÀ]*Ƃ]1-Ƃ®Ü>ÃÕÃi`]iµÕ««i`ÜÌ > i>À >ÀÀ>Þ ÌÀ>Ã`ÕViÀ ­£xnÆ vÀiµÕiVÞ\
n£{â®° /i `i«Ì v Ìi ÕÌÀ>ÃÕ` >}i Ü>Ã >`ÕÃÌi` Ì ÓxÎä  >VVÀ`}
the thickness of the examined hand. The ultrasound examinations were performed by a 
radiologist with more than 5 years’ experience in musculoskeletal ultrasound. The image 
>VµÕÃÌ vÀ>iÀ>ÌiÜ>ÃÃiÌ>ÌÇäâÜÌ> >}iV«ÀiÃÃ°	Ì>`Ãv
i>VÃÕLiVÌÜiÀi>}i`°
 To study the transverse movement of the median nerve in the carpal tunnel, dynamic 
cross-sectional images of the carpal tunnel were obtained by placing the transducer at 
Ìi«ÀÝ>V>À«>ÌÕi­}ÕÀi£®°/i«ÀÝ>V>À«>ÌÕiÜ>Ã`iwi`>ÃÌi>Ài>
between the pisiform and the scaphoid tubercle; these two landmarks are easily palpable 
in all hands. The transducer was maintained perpendicular to the median nerve in order 
to get clear images and to avoid anisotropic artefact. To keep the transducer stable 
`ÕÀ} w}iÀ ÀÜÀÃÌÌ] > VÕÃÌ>`i ÌÀ>Ã`ÕViÀwÝ} `iÛViÜ>Ã v>ÃÌii` >Ì
ÌiÃÕLiVÌÃ½«>°Àâ>ÌvV«ÀiÃÃvÌiÌÃÃÕiÌiV>À«>ÌÕi]Ìi
transducer was applied to the skin without additional pressure. To measure the wrist angle 
`ÕÀ}ÜÀÃÌÛiiÌ]>}iÌiÀ­
8/£äÓ]
ÀÃÃLÜ/iV}ÞV°]«Ì>Ã]
Ƃ]
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1-Ƃ®Ü>ÃwÝi`ÌiL>Vv>`°/iÜÀÃÌ>}iÃÜiÀiViVÌi`ÃÕÌ>iÕÃÞÜÌ
the ultrasound images.
Figure 1 Ultrasound examination setup. The 
transducer was placed at the proximal carpal 
ÌÕi° Ƃ VÕÃÌ>`i ÌÀ>Ã`ÕViÀwÝ}
`iÛVi Ü>Ã v>ÃÌii` >Ì Ìi ÃÕLiVÌÃ½ «>
Ì ii« Ìi ÌÀ>Ã`ÕViÀ ÃÌ>Li `ÕÀ} w}iÀ
ÀÜÀÃÌÌ°Ƃ}iÌiÀÜ>ÃwÝi`
the back of hand to measure the wrist angle 
during wrist movement.
Þ>VÕÌÀ>ÃÕ`>}iÃÜiÀiLÌ>i`` ÕÀ}ÌivÜ}w}iÀ>`ÜÀÃÌÛiiÌÃ\
£° }iÀyiÝ]`iwi`>ÃÌiÜÀÃÌi`ÌiiÕÌÀ>«ÃÌÜi>vÕÀw}iÀÃ>`
ÌiÌÕLÛi`vÀvÕw}iÀiÝÌiÃÌ>Ý>yiÝÌ>i>wÃÌÆ
Ó° 7ÀÃÌyiÝÜÌw}iÀiÝÌiÃ]`iwi`>ÃÜÀÃÌÌvÀÌiiÕÌÀ>«ÃÌÌ
>Ý>yiÝÜi>w}iÀÃÜiÀii`vÕiÝÌiÃÆ
Î° 7ÀÃÌyiÝÜÌw}iÀyiÝ]`iwi`>ÃÜÀÃÌÌvÀÌiiÕÌÀ>«ÃÌÌ
>Ý>yiÝÜi>w}iÀÃÜiÀiyiÝi`ÌvÀ>wÃÌÆ
{° 7ÀÃÌiÝÌiÃÜÌw}iÀiÝÌiÃ]`iwi`>ÃÜÀÃÌÌvÀÌiiÕÌÀ>«ÃÌ
Ì>Ý>iÝÌiÃÜi>w}iÀÃÜiÀii`vÕiÝÌiÃÆ
x° 7ÀÃÌiÝÌiÃÜÌw}iÀyiÝ]`iwi`>ÃÜÀÃÌÌvÀÌiiÕÌÀ>«ÃÌÌ
>Ý>iÝÌiÃÜi>w}iÀÃÜiÀiyiÝi`ÌvÀ>wÃÌÆ
È° 7ÀÃÌÕ>À`iÛ>ÌÜÌw}iÀiÝÌiÃ]`iwi`>ÃÜÀÃÌÌ vÀÌiiÕÌÀ>
«ÃÌÌ>Ý>Õ>À`iÛ>ÌÜiÌiw}iÀÃÜiÀii`vÕiÝÌiÃ°
/iÃÕLiVÌÃÜiÀi>Ãi`ÌÛiÃÞVÀÞÜÌ>iÌÀi]Li>Ì}>Ì{ä«ÕÃiÃ
«iÀÕÌi­ä°ÈÇâ®]ÌÕÃÀiµÕÀ}£°xÃÌV«iÌiÌiw}iÀÀÜÀÃÌÛiiÌÃ°>V
movement was repeated 3 times, and the clip in which the median nerve was observed 
ÃÌVi>ÀÞÜ>ÃVÃivÀw>>>ÞÃÃ°	ivÀi`>Ì>ViVÌ]Ìi«>ÀÌV«>ÌÃ«À>VÌVi`
the assigned motion 2 to 3 times with the examiner.
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Image analysis
Ƃ>}iÃÜiÀiiÛ>Õ>Ìi`ÕÃ}Ƃ>Þâi££°äÃvÌÜ>Ài­>Þ
V],ViÃÌiÀ] ]1-Ƃ®°
ƂvÌiÀÌi Ì>>`w> vÀ>iÃvÌiÌÜiÀiÃiiVÌi`>`ÀiÛiÜi`]Ìii`>
iÀÛiÜ>ÃÕÌi`>Õ>ÞÕÃ}>VÌÕÕÃLÕ`>ÀÞÌÀ>ViÕÃÌÜÌÌiiV}iV
boundary of the nerve.21 ƂÀi>] «iÀiÌiÀ] VÀVÕ>ÀÌÞ >` >Ã«iVÌ À>Ì v > Õ
enclosing rectangle (MER) of the median nerve were calculated automatically. Circularity 
Ü>Ã`iwi`>Ã\
    

  Eq. 1
vÌiVÀVÕ>ÀÌÞÃ£]ÌiÕÌi`«Þ}ÀiÃiLiÃ>«iÀviVÌVÀViÆiÃÃÌ>£`V>ÌiÃ
a deviation of a circle (e.g., oval or irregular shaped polygon). The MER was determined 
as the smallest possible enclosing rectangle to the median nerve. The aspect ratio of the 
,Ü>Ã`iwi`>ÃÌiÀ>ÌvÌi>À>ÝÃ`Û`i`LÞÌiÀ>ÝÃvÌÃÀiVÌ>}i°8
/i«ÃÌvÌiiÀÛiÜ>Ã`iwi`>ÃÌiViÌÀ`VÀ`>ÌiÃvÌii`>iÀÛi
ÌiwÀÃÌ>`w> >}iÃvi>VÌÃiµÕiVi°/i`Ã«>ViiÌ Õ>ÀÀ>`> ­x) 
and palmar-dorsal directions (y®Ü>ÃV>VÕ>Ìi`LÞV«>À}ÌiÌ>>`w>ViÌÀ`
positions. The amplitude of median nerve displacement during each movement was 
calculated as:
 Eq. 2
/>>ÞÃiÌ`ÀiVÌÌi«>>À>`Õ>À`ÀiVÌÃÜiÀi`iwi`>Ã«ÃÌÛi>`
ÌiÀ>`>>``ÀÃ>`ÀiVÌÃÜiÀi`iwi`>Ãi}>ÌÛi°
Normalization of measurements
The measurements of area, perimeter and displacement of the median nerve were 
À>âi`Ì>`i}Ì]`iwi`>ÃÌi`ÃÌ>VivÀÌiÌ«vÌi``iw}iÀÌÌi
midline of the distal wrist crease when the forearm and hand were supinated on a table.22 
Normalized results were presented as normalized units (NU) in which 1 NU= 1% of the 
normalized length. Thus, if the hand length was 100 mm and the actual measurement of 
interest (e.g., nerve motion) was 3 mm, the measurement would be expressed as 3 NU, i.e., 
Î¯vÌi>`i}Ì°ƂÀi>Ü>Ã>ÃÀ>âi`LÞ`Û`}LÞ>`i}Ì]>`ÃÃ>Ã
Ài«ÀiÃiÌi` 1°/ii>>`i}ÌÜ>Ã£Ç°Óx´£ä°Óä°/ÕÃ]iÀ>âi`
ÕÌ­ 1®Ü>ÃÀÕ}Þ£°Ç´ä°£ä°
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Reliability of median nerve measurements
To assess intra-observer agreement, one examiner re-analysed the ultrasound data for the 
`>Ì>` i>VÃÕLiVÌ°/i ÌiÀÛ>v ÌiÌÜ>>ÞÃiÃÜ>Ã>Ì i>ÃÌÎÌÃ°
ƂÀi>] «iÀiÌiÀ] >Ã«iVÌ À>Ì v Ìi,] VÀVÕ>ÀÌÞ  Ìi wÀÃÌ >}i >` w> >}i
and the displacement amplitude of the median nerve were measured with the same 
Ƃ>Þâi££°äÃvÌÜ>Ài°/>ÃÃiÃÃ ÌiÀLÃiÀÛiÀ>}ÀiiiÌ] ÌÜiÝ>iÀÃ>>ÞÃi`Ìi
Ã>iÕÌÀ>ÃÕ``>Ì>vÀÜÀÃÌyiÝÜÌw}iÀiÝÌiÃvÌi`>Ì>`i>V
ÃÕLiVÌ°ƂÀi>]«iÀiÌiÀ]>Ã«iVÌÀ>ÌvÌi,]VÀVÕ>ÀÌÞÌiwÀÃÌ >}i>`w>
>}i>`` Ã«>ViiÌ>«ÌÕ`ivi`>iÀÛiÜiÀii>ÃÕÀi`ÜÌÌiÃ>iƂ>Þâi
11.0 software.
Data analysis
Ƃ>ÞÃÃ*°ä­-Ƃ-ÃÌÌÕÌi]
>ÀÞ] ÀÌ
>À>]1-Ƃ®Ü>ÃÕÃi`vÀÌi«>Ài`ÌÌiÃÌ
>`ÌiiÜ>ÞƂ "6Ƃ]VÕÃÌ>Ì>L­>Ì7ÀÃV°] >ÌV]Ƃ]1-Ƃ®Ü>ÃÕÃi`vÀ
the bivariate statistics and Statistical Package for Social Science software version 12.0 (SPSS, 

V>}]]1-Ƃ®Ü>ÃÕÃi`vÀÌiÌÀ>V>ÃÃVÀÀi>ÌVivwViÌÃ­

®°ƂÀiÃÕÌÃ>Ài
iÝ«ÀiÃÃi`>Ãi>´ ÃÌ>`>À`` iÛ>Ì°Ƃ«>Ài`ÌÌiÃÌ was used to analyse the difference 
of median nerve parameters between the dominant and non-dominant hands and the 
iÜ>ÞƂ "6ƂLiÌÜiiÌi`vviÀiÌÜÀÃÌÛiiÌÃ°/i`vviÀiViv Ìii`>
nerve displacement vector between different movements was analysed using the bivariate 
Mardia’s two-sample test and the Mardia-Watson-Wheeler non-parametric test.23 The 
mean vector (in polar coordinates) was used to represent the sample centre. The standard 
i«Ãi]Ài«ÀiÃiÌ>ÌÛivÃ>«iÛ>À>Ì]>`Ìi}½ÃVw`iVii«Ãi«>À>iÌiÀÃ­α 
= 0.05) were calculated for each motion to describe sample variation. P-values of less than 
ä°äxÜiÀi VÃ`iÀi` ÃÌ>ÌÃÌV>Þ Ã}wV>Ì° ÌÀ> >` ÌiÀLÃiÀÛiÀ >}ÀiiiÌÃÜiÀi
iÝ>i`ÕÃ}

>`ÌiÀx¯Vw`iViÌiÀÛ>Ã°24
RESULTS
The maximal wrist angles with different wrist movements 
/iÀiÜ>ÃÃ}wV>Ì`vviÀiViÌi>Ý>ÜÀÃÌ>}iLiÌÜiiÌi`>Ì>`
non-dominant hands during any of the movements (p>0.05). Thus, we used the mean value 
of all 20 wrists to do the comparison between the different wrist movements. There was 
`vviÀiViÌi>Ý>ÜÀÃÌ>}iLiÌÜiiÜÀÃÌyiÝÜÌw}iÀiÝÌiÃ>`
ÜÀÃÌyiÝÜÌw}iÀyiÝÀLiÌÜiiÜÀÃÌiÝÌiÃÜÌw}iÀiÝÌiÃ>`ÜÀÃÌ
iÝÌiÃÜÌw}iÀyiÝ­p>0.05).
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Measurements of the dominant versus non-dominant hand
There was no difference in the area, perimeter, circularity, aspect ratio of the MER or 
displacement of the median nerve between the dominant and non-dominant hands for any 
movement (p>0.05). Thus, we used the mean value of all 20 wrists to do the comparison 
between the different wrist movements.
6JGFGHQTOCVKQPQHVJGOGFKCPPGTXGFWTKPIƂPIGTCPFYTKUVOQXGOGPVU
The area, perimeter, circularity and aspect ratio of the MER of the median nerve for the 
wÀÃÌ >` w> >}iÃ v Ìi Û>ÀÕÃÜÀÃÌÛiiÌÃ >Ài ÃÜ  />Li £° -}wV>Ì
`vviÀiViÃLiÌÜiiÌiwÀÃÌ>`>ÃÌ>}iÃÜiÀivÕ`vÀ>Ài>]«iÀiÌiÀ]VÀVÕ>ÀÌÞ>`
aspect ratio of the MER of the median nerve during various movements. 
Normalized area 
(NU)
Normalized pe-
rimeter (NU) Aspect ratio Circularity
(KPIGTƃGZKQP
First image x°ÓÇ­´ä°ÇÎ® 8.51 (±1.02) 3.11 (±0.68) 0.52 (±0.10)
Final image 5.25 (±0.82) 8.23 (±0.83) Ó°Ç­´ä°xÇ® 0.55 (±0.09)
9TKUVƃGZKQPYKVJƂPIGTGZVGPUKQP
First image {°Ç{­´ä°Ó® Ç°Ç­´£°x£® Ó°Çn­´ä°x{® 0.55 (±0.13)
Final image 5.12 (±0.96)* 6.91 (±0.80)** 1.80 (±0.64)** ä°ÇÈ­´ä°än®II
9TKUVƃGZKQPYKVJƂPIGTƃGZKQP
First image {°Ç­´ä°ÇÈ® Ç°n{­´£°£ä® Ó°Ç£­´ä°{® ä°xÇ­´ä°£Î®
Final image 4.55 (±0.61) È°ÓÇ­´ä°xÓ®II 1.88 (±0.61)** 0.81 (±0.05)**
9TKUVGZVGPUKQPYKVJƂPIGTGZVGPUKQP
First image x°£Ó­´ä°Ç£® 8.55 (±0.98) 3.42 (±0.65) 0.50 (±0.10)
Final image 5.49 (±1.03) n°ÎÓ­´£°äÇ® 2.88 (±0.46)** ä°xÈ­´ä°äÇ®I
9TKUVGZVGPUKQPYKVJƂPIGTƃGZKQP
First image 5.08 (±0.48) 8.21 (±0.81) 3.19 (±0.69) 0.55 (±0.08)
Final image 5.10 (±0.81) 8.08 (±0.93) Ó°£­´ä°ÇÎ® ä°xx­´ä°äÇ®
Wrist ulnar deviation
First image 5.20 (±0.63) n°Î£­´ä°Ç® Ó°ÇÎ­´ä°xÓ® 0.54 (±0.10)
Final image x°£Ç­´ä°È® Ç°Î{­´ä°n®II 1.82 (±0.55)** 0.68 (±0.12)**
Table 1/ii`>iÀÛi`ivÀ>Ì«>À>iÌiÀÃvÀ`vviÀiÌw}iÀ>`ÜÀÃÌÛiiÌÃ°
ƂLLÀiÛ>ÌÃ\ 1ÆÀ>âi`ÕÌÃ°
* p<0.05
** p<0.01
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/iÀiÜ>Ã>Ã}wV>Ì`vviÀiVivÕ`vÀÌii`>iÀÛi>Ài>ÃiÞvÀÜÀÃÌyiÝ
ÜÌw}iÀiÝÌiÃ°/iVÀVÕ>ÀÌÞvÌii`>iÀÛiÜ>ÃÃ}wV>ÌÞVÀi>Ãi`>`
Ìi>Ã«iVÌÀ>ÌvÌi,>`«iÀiÌiÀÜiÀiÃ}wV>ÌÞ`iVÀi>Ãi`Ìiw>>}i
V«>Ài`ÌÌ>ÌÌiwÀÃÌ>}i`ÕÀ}ÜÀÃÌyiÝÜÌw}iÀiÝÌiÃ]ÜÀÃÌyiÝ
ÜÌw}iÀyiÝ>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀiÝÌiÃ­p<0.01) (Figure 2-4). The 
VÀVÕ>ÀÌÞvÌii`>iÀÛiÜ>ÃÃ}wV>ÌÞVÀi>Ãi`>`Ìi>Ã«iVÌÀ>ÌvÌi,
`iVÀi>Ãi`Ìiw>>}iV«>Ài`ÌÌiwÀÃÌ>}i`ÕÀ}ÜÀÃÌiÝÌiÃÜÌw}iÀ
extension (pä°äx®°/iÀiÜ>ÃÃ}wV>Ì`vviÀiVivÕ`vÀ>ÞvÌiÃi«>À>iÌiÀÃ
LiÌÜiiÌiwÀÃÌ>`w>>}iÃvÀw}iÀyiÝÀÜÀÃÌiÝÌiÃÜÌw}iÀyiÝ
(p>0.05).
Figure 2 The location of median 
iÀÛi>ÌÌiLi}}vÜÀÃÌyiÝ
ÜÌ w}iÀ iÝÌiÃ\ Ìi i`>
nerve (arrow) is located at the palmar 
midline position of the carpal tunnel.
Figure 3 The location of median 
iÀÛi>ÌÌii`vÜÀÃÌyiÝÜÌ
w}iÀ iÝÌiÃ\ Ìi i`> iÀÛi
(arrows) was located dorsally in the 
carpal tunnel.
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Figure 4 The location of median nerve 
at the end of wrist ulnar deviation: the 
median nerve (arrows) was located 
LiÌÜii Ìi yiÝÀ «VÃ }ÕÃ
Ìi`>`yiÝÀÀiÌ>VÕÕ°
6JGFKURNCEGOGPVXGEVQTQHVJGOGFKCPPGTXGFWTKPIƂPIGTCPFYTKUVmovements
i>ÛiVÌÀÃ>`«>À>iÌiÀÃvÀÛ>À>ÌVw`iViÌÃ>À>`Ài«Ãi>ÝiÃ
(a and b) and inclination (ψ) - for all motions are included in Table 2.
 /iÀiÜ>ÃÃ}wV>Ì`vviÀiViÌiÌÛiVÌÀvÌii`>iÀÛiLiÌÜii
ÜÀÃÌyiÝÜÌw}iÀiÝÌiÃ>`ÜÀÃÌyiÝÜÌw}iÀyiÝ­prä°äÈÇ®°/iÀiÜ>Ã
>Ã}wV>Ì`vviÀiViÌiÌÛiVÌÀvÌii`>iÀÛiLiÌÜiiÜÀÃÌiÝÌiÃ
ÜÌ w}iÀ iÝÌiÃ >`ÜÀÃÌ iÝÌiÃÜÌ w}iÀ yiÝ ­prä°ä£Ó®] LiÌÜii w}iÀ
yiÝ]ÜÀÃÌyiÝÜÌw}iÀiÝÌiÃ>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀiÝÌiÃ
(pä°ää£®­}ÕÀix®]>`LiÌÜiiw}iÀyiÝ]ÜÀÃÌiÝÌiÃÜÌw}iÀiÝÌiÃ]>`
ÜÀÃÌiÝÌiÃÜÌw}iÀyiÝ­>p<0.05).
ͮ (NU) θ a (NU) b (NU) φ
Finger Flexion 0.2 ££Ç¨ 0.5 0.2 £È¨
Wrist Flexion with Finger Extension 1.5 ÓÈÇ¨ 1.2 0.5 £Ó¨
Wrist Flexion with Finger Flexion 1.8 Óx¨ 1.1 0.5 £Ó¨
Wrist Extension with Finger Extension 0.4 ÓÓÈ¨ 0.5 0.2 n¨
Wrist Extension with Finger Flexion 0.5 £nÓ¨ 0.5 0.2 Î¨
Wrist Ulnar Deviation 2.8 £n¨ 0.3 0.2 x¨
Table 2 /ii>ÛiVÌÀ>`Vw`iViÌÃvÀÛ>ÀÕÃ«>À>iÌiÀÃ­α = 0.05) of the median nerve 
`Ã«>ViiÌ`ÕÀ}w}iÀ>`ÜÀÃÌÛiiÌÃ°
ƂLLÀiÛ>ÌÃ\ρ = vector length, NU; normalized units (is approximately 1.8 mm), θ = vector angle, 
>r>Ài«Ãi>ÝiÃvÀÛ>À>ÌvÌiVw`iViÌÃ]LrÀi«Ãi>ÝiÃvÀÛ>À>ÌvÌi
Vw`iViÌÃ]ψ = inclination of the ellipse.
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Figure 5 Median nerve 
`Ã«>ViiÌ ÛiVÌÀ vÀ w}iÀ
yiÝ]ÜÀÃÌyiÝÜÌw}iÀ
extension and wrist ulnar 
deviation. (Solid ellipses 
represent standard deviation, 
dashed ellipses represent 95% 
Vw`iViÌÃ>`ÌiÀ>`>
line represents the mean vector 
for each group.)
6JGCORNKVWFGQHOGFKCPPGTXGFKURNCEGOGPVFWTKPIƂPIGTCPFYTKUVOQXGOGPVU
/iÀi Ü>Ã > Ã}wV>Ì `vviÀiVi  Ìi >«ÌÕ`i v Ìii`> iÀÛi `Ã«>ViiÌ
among the movements (p<0.001) (Figure 6). The mean amplitudes of the median nerve 
`Ã«>ViiÌ  ÜÀÃÌ yiÝ ÜÌ w}iÀ iÝÌiÃ ­Ó°ÎÈä°Ç±  1®] ÜÀÃÌ yiÝ ÜÌ
w}iÀyiÝ ­Ó°{È0.84± 1®>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀiÝÌiÃ ­Ó°nÈ´ä°x£
 1®ÜiÀi}iÀÌ>ÌÃi w}iÀyiÝ­ä°nÓ´ä°ÎÎ 1®]ÜÀÃÌiÝÌiÃÜÌw}iÀ
iÝÌiÃ ­ä°ÇÇ0.46± 1®>`ÜÀÃÌiÝÌiÃÜÌw}iÀyiÝ ­ä°n£´ä°xn 1®°/iÀi
Ü>Ã` vviÀiViÌi>«ÌÕ`ivÌii`>iÀÛi` Ã«>ViiÌLiÌÜiiÜÀÃÌyiÝ
ÜÌw}iÀiÝÌiÃ]ÜÀÃÌyiÝÜÌw}iÀyiÝ]>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀ
extension (prä°£Óä®ÀLiÌÜiiw}iÀyiÝ]ÜÀÃÌiÝÌiÃÜÌw}iÀiÝÌiÃ>`
ÜÀÃÌiÝÌiÃÜÌw}iÀyiÝ­p=0.956).
Figure 6 The amplitude of 
median nerve displacement. 
The amplitude of median 
iÀÛi Ì  w}iÀ
yiÝ]ÜÀÃÌiÝÌiÃÜÌ
w}iÀ iÝÌiÃ >` ÜÀÃÌ
iÝÌiÃÜÌw}iÀyiÝ
­Ƃ® ÜiÀi Ã}wV>ÌÞ iÃÃ
V«>Ài` Ì ÜÀÃÌ yiÝ
ÜÌ w}iÀ iÝÌiÃ] ÜÀÃÌ
yiÝ ÜÌ w}iÀ yiÝ
and wrist ulnar deviation (B) 
(p<0.0001).
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Intra- and inter-observer agreement of median nerve measurements 
ÌÀ> >` ÌiÀLÃiÀÛiÀ >}ÀiiiÌ vÀ Ìi >Ài>] «iÀiÌiÀ] >Ã«iVÌ À>Ì v Ìi ,]
circularity and displacement of median nerve are summarized in Table 3. The intra-observer 
>`ÌiÀLÃiÀÛiÀ>}ÀiiiÌÃÜiÀi}`ÌiÝViiÌvÀ>i>ÃÕÀiiÌÃ]ÜÌÌi

Ã
ranging from 0.86 to 0.98.
First image Intra-rater ICC (CI 95%)
Inter-rater ICC 
(CI 95%)
ƂÀi> 0.96 (0.61-0.99) ä°x­ä°ÈÇä°®
Perimeter ä°{­ä°Çä°n® ä°Î­ä°Ç£ä°®
ƂÃ«iVÌÀ>Ì ä°Ç­ä°n{ä°® ä°È­ä°Çnä°®
Circularity ä°nÈ­ä°Èxä°Ç® ä°n­ä°Èää°Ç®
Final image
ƂÀi> ä°Ç­ä°nÇä°® ä°Ç­ä°È£ä°®
Perimeter ä°x­ä°Çnä°® 0.91 (0.68-0.98)
ƂÃ«iVÌÀ>Ì 0.98 (0.93-0.99) ä°Ç­ä°nÈä°®
Circularity ä°Î­ä°ÇÓä°n® ä°n­ä°Ènä°Ç®
Amplitude of median nerve displacement ä°£­ä°ÈÇä°n® 0.90 (0.60-0.98)
Table 3ÌÀ>>`ÌiÀÀ>ÌiÀÌÀ>V>ÃÃVÀÀi>ÌVivwViÌ­

®>`x¯Vw`iViÌiÀÛ>­
®v
Ìii`>iÀÛi`ivÀ>Ì>``Ã«>ViiÌÜÀÃÌ>Ý>yiÝÜÌw}iÀiÝÌiÃ°
DISCUSSION
Studying the transverse movement and shape of the median nerve in the carpal tunnel 
is important to understand the kinematics of the median nerve in both physiological and 
pathophysiological states. Ultrasound is a useful tool for such purposes, because it can 
obtain dynamic information about the deformation and displacement of the median nerve 
ÌÀÕ}ÕÌÌivÕÀ>}ivÜÀÃÌ>`w}iÀÌ°
 Repetitive wrist movements are associated with CTS.13,14/iÌvÜÀÃÌyiÝ
is also used as a provocative test to diagnose CTS. The most common test for CTS is the 
*>iÌiÃÌÜVÌi«>ÌiÌÃ>Ãi`Ì`ÌiÀÜÀÃÌÃV«iÌi>`vÀVi`yiÝ
(pushing the dorsal surfaces of both hands together) for 30–60 seconds. Characteristic 
symptoms such as burning, tingling or numb sensation over the thumb, index, middle and 
À}w}iÀÃ`V>ÌiÃ>«ÃÌÛiÌiÃÌÀiÃÕÌ>`ÃÕ}}iÃÌÃ
/-°25 Our results show that some 
ÜÀÃÌÛiiÌÃ]ÃÕV>Ã>Ý>yiÝ>`Õ>À`iÛ>Ì]V>ÕÃiÃ}wV>ÌÌÀ>ÃÛiÀÃi
`Ã«>ViiÌvÌii`>iÀÛiÌiV>À«>ÌÕi°>``Ì]Üi>ÛiÃÜÌ>ÌÌi
ÌÀ>ÃÛiÀÃiÌÃ>ÀiiÃÃ>vviVÌi`LÞw}iÀÛiiÌ°/ÃÜ>Ã>ÃiÝ«iVÌi`]ÃViÌÃ
Ài}V>Ì>Ìw}iÀÌÃ>Ûi>}Ài>ÌiÀivviVÌ}ÌÕ`>iÀÛiÌÌ>
transverse motion. 
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6
 ÌÃÃÌÕ`Þ]ÜiµÕ>ÌÌ>ÌÛiÞiÛ>Õ>Ìi`Ìi`ivÀ>ÌvÌii`>iÀÛi`ÕÀ}
different wrist movements. We found that the circularity of the median nerve was increased 
>`Ìi>Ã«iVÌÀ>ÌvÌi,>`«iÀiÌiÀÜiÀi` iVÀi>Ãi`` ÕÀ}>Ý>ÜÀÃÌyiÝ
and ulnar deviation. Other studies also found that the median nerve deforms during wrist 
movement, although their results were qualitative, depicting the shape of median nerve 
Ã«Þ>Ãy>ÌÌii`]Û>À ÀÕ`°15,16/iÃ}wV>Ì`ivÀ>LÌÞv Ìii`>iÀÛi
`ÕÀ}ÜÀÃÌyiÝ>`Õ>À`iÛ>ÌÀ>ÃÕLiVÌÃ>ÞLiÀi>Ìi`ÌÌÃ ÌiÀ>
ÃÌÀÕVÌÕÀi° ÃÌ}V>Þ] > «iÀ«iÀ> iÀÛi Ã V«Ãi` v >ÝÃ] ÜV >Ài LÕ`i`
by 3 connective tissue layers; the endoneurium, the perineurium, and the epineurium. 
/iÃi ViVÌÛi ÌÃÃÕiÃ VÌ> V>}i wLÀÃ] i>ÃÌV wLÀiÃ >` i`iÕÀ> yÕ`°26 
During extraneural compression induced by wrist movement, the median nerve could 
have transient and reversible deformation due to displacement of nerve fascicles in the 
iÀÛiÌÀÕ°ƂÌÕ}VÌÕÕÃV«ÀiÃÃÜÕ`iÛiÌÕ>ÞV>ÕÃii`iÕÀ>yÕ`
`Ã«>ViiÌ]>ÃÌÜÕ`yÜÌÌii`}iÃv>V«ÀiÃÃÛiVÕvv]ÓÇÌÃi`iÕÀ>yÕ`
displacement is likely to occur during a relatively slow course, and is probably not related to 
the deformation of the median nerve that we observed in association with wrist movement. 
VÌÀ>ÃÌ]}ÃÌ>`}V«ÀiÃÃ}Ì«À`ÕVi«À}ÀiÃÃÛiwLÀÃÃÌii«iÕÀ>
and perineurial connective tissues. This has been observed in experimental animals as well 
>Ã>ÕÌ«ÃÞÀiÌÀiÛi`Õ>Ã«iViÃÜÌiÀÛiV«ÀiÃÃ°/ÃwLÀÃÃÜÕ`ÀiÃÕÌ
in a permanently decreased compliance of the median nerve.28-30 We hypothesize that the 
deformation capability of median nerve may be impaired in patients with CTS. Further 
studies in patients with CTS are needed to validate this hypothesis.
 The analysis of the vector and amplitude of median nerve displacement in this study 
ÃÜi` Ì>Ì ÜÀÃÌ yiÝ >` ÜÀÃÌ Õ>À `iÛ>Ì V>ÕÃi Ã}wV>Ì `Ã«>ViiÌ v
Ìii`>iÀÛi]>ÃV«>Ài` Ìw}iÀyiÝÜÌÕÌÜÀÃÌÛiiÌ]ÀÜÌÜÀÃÌ
iÝÌiÃ°/ÃÃ}wV>Ì`vviÀiVi`Ã«>ViiÌvÌii`>iÀÛi>ÞLi`ÕiÌ
ÌiyÕiViv>`>ViÌÌÃÃÕiÃ]iÌiÀ«ÕÃ}À«Õ}Ìii`>iÀÛiÌViÀÌ>
`ÀiVÌÃ°ÕÀ}ÜÀÃÌyiÝ]ÌiyiÝÀÌi`ÃÛi«>>ÀÞÜÌÌiV>À«>ÌÕi]
>Ã Ìi yiÝÀ Ìi`Ã V>}i ÌiÀ «Õ} >}i >` }`i `ÀiVÌÞ >}>ÃÌ Ìi yiÝÀ
retinaculum.31 ƂÃ ÌiÃi Ìi`ÃÛi «>>ÀÞ ÌÜ>À`Ã Ìi «ÃÌ v Ìi iÀÛi] Ìi
nerve can experience one of the following two phenomena: it can remain in situ, and likely 
be compressed by the palmarly advancing tendons, or it can move to the locations that 
the tendons have vacated to escape the compression. We observed the latter median 
nerve kinematics in the normal hands in this study. Similarly, as the wrist deviates ulnarly 
the tendons would tend to move to the ulnar side of the wrist, thereby pushing the nerve 
À>`>Þ°ÌÃÜiÜÌ>Ì«>ÌiÌÃÜÌ
/-`iÃÌÀ>ÌiwLÀÃÃvÌiÃÞÛ>ÌÃÃÕi
within the carpal tunnel.32-36  ÃÕV V>ÃiÃ] i }Ì iÝ«iVÌ `Ãi` Ì] >`
ÀiÃÕÌ}`ivÀ>ÌvÌiiÀÛiÜÌw}iÀ>`ÜÀÃÌÛiiÌ°`ii`]ÌÃ>ÃLii
observed as well.10
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 ƂÃ`i vÀ Ìi >«ÌÕ`i v iÀÛi Ì Li} `vviÀiÌ L>Ãi`  `vviÀiÌ
VL>ÌÃvÜÀÃÌ>`w}iÀÌ]Üi>Ã`iÌwi`Ì«>ÌÌiÀÃÜVÌi
`ÀiVÌviÀÛiÌV>}i`]iÛivÌi>«ÌÕ`i``Ì]ÃÕV>ÃLiÌÜiiw}iÀ
yiÝ>`w}iÀiÝÌiÃÜÌÌiÜÀÃÌiÝÌi`i`°
 >``ÌÌiÀÛiÌ>Ã>ÀiÃÕÌv`ÀiVÌ«ÞÃV>VÌ>VÌÜÌÌiÌi`Ã]Ìi
iÀÛi>Þ>ÃÛiÕ`iÀÌiyÕiVivyÕ`«ÀiÃÃÕÀiÃvÌÃÜÌÌiV>À«>ÌÕi°
*ÀiÃÃÕÀiÃÜÌÌiV>À«>ÌÕiV>ÀÃiÃÕLÃÌ>Ì>Þ`ÕÀ}w}iÀ>`ÜÀÃÌÌ°ÎÇ]În 
ÜiÛiÀ]ÌiÀÃÌÕ`iÃ>ÛiÃÜÌ>ÌÌÃ«ÀiÃÃÕÀiiiÛ>ÌÃ«À>ÀÞ`ÕiÌVÌ>VÌ
«ÀiÃÃÕÀi]>`ÌyÕ`«ÀiÃÃÕÀi°39,40ƂÃÌÕ`ÞÕÃ}LÕL«ÀiÃÃÕÀiÌiÛ>Õ>ÌiÌiVÌ>VÌ
pressure on the median nerve showed that the pressure increased markedly as the wrist 
yiÝ>}i>`Õ>À`iÛ>Ì>}iVÀi>Ãi`°41
 We believe that our normal data will be helpful to understand the pathomechanics in 
patients at risk for or suffering from early stages of CTS. The subsynovial connective tissue 
­--
/®]ÜVwÃÌiÃ«>ViLiÌÜiiÌiÌi`Ã]>`ÌiÃ«>ViLiÌÜiiÌiÌi`Ã>`
Ìii`>iÀÛi]ÃÀ>ÞwÞ>`ÃÕ««i]>`ÌÕÃVÕ`v>VÌ>ÌiÌiÃÌ}`}
vÌii`>iÀÛiLiÌÜiiÌiyiÝÀÌi`Ã>`yiÝÀÀiÌ>VÕÕ`ÕÀ}w}iÀ>`
ÜÀÃÌÛiiÌÃ°«>ÌiÌÃÜÌ
/-]Ìi--
/LiViÃwLÀÌV>`ÃÌvv]ÜVVÕ`
alter the gliding characteristics of the SSCT, and, thus of the nerve as well.32,33,42-44 We 
Þ«ÌiÃâiÌ>ÌiÀÛi>`Ìi`Ì«>ÌÌiÀÃÌ>Ì>Ài>ÌiÀi`LÞ--
/wLÀÃÃ}Ì
be useful to identify CTS prodromes, and perhaps even as ‘biomarkers’ that might suggest 
treatments to restore or preserve nerve mobility before symptoms become so severe that 
surgery is needed, and we plan to investigate this possibility in future studies.
 Our study has several shortcomings. First, our study has a small sample size. Yet the 
promising results of this study do indicate that evaluating the transverse plane movement 
of the median nerve during wrist motion could provide more information about the mobility 
and deformability of the median nerve, and may prove useful in the assessment of CTS. 
-iV`]ÌÃÌ>ÃÌÕ`ÞÜiÞ>>ÞÃi`ÌiÌ>>`w>>}iÃ]LÕÌÌi>`Û>Ì>}i
vÕÌÀ>ÃÕ`ÃÌ>ÌÌiiÌÀiÛiiÌV>LiV>«ÌÕÀi`>`>>ÞÃi`°ÜiÛiÀ]ÃÕV
an analysis is far more complex than that is needed to identify a simple vector from initial 
Ì w> «ÃÌ] >` Ã Üi >Ûi Li}Õ ÜÌ ÌÃ Ã«iÀ >>ÞÃÃ°  Ü Ì>Ì Üi >Ûi
demonstrated that ultrasound can, indeed, capture useful images of the overall movement, 
we plan to return and reanalyse the entire movement path, for more insights. Finally, the 
i`>iÀÛii>ÌVÃÜ>ÃÞV>À>VÌiÀâi`À>ÃÕLiVÌÃ°ÜiÛiÀ]ÜiVÃ`iÀ
ÌÃ>iViÃÃ>ÀÞwÀÃÌÃÌi«LivÀi>>ÞÃ}>LÀ>V`ÌÃ°/i`>Ì>«ÀiÃiÌi`Ìi
current study will be useful as a baseline for future studies in CTS patient populations. 
  ÃÕ>ÀÞ] ÕÀ ÃÌÕ`Þ µÕ>ÌÌ>ÌÛiÞ iÛ>Õ>Ìi` Ìi ÌÀ>ÃÛiÀÃi «>i `Ã«>ViiÌ
>``ivÀ>ÌvÌii`>iÀÛiÕ`iÀ`vviÀiÌw}iÀ>`ÜÀÃÌÛiiÌÃÌi
i>ÌÞÜÀÃÌ°>Ý>ÜÀÃÌyiÝ>`Õ>À`iÛ>Ì>ÞLiÕÃivÕvÀiÛ>Õ>Ì}Ìi
displacement and deformation of the median nerve, since these motions produced the 
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largest displacements and deformations of the normal median nerve. Further studies of 
transverse plane ultrasound of the median nerve are necessary to assess its clinical value in 
patients with CTS.
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ABSTRACT
Carpal tunnel syndrome (CTS) is the most common peripheral nerve entrapment syndrome. 
-ÌÀ}«VÀ}À«ÜÌÜÀÃÌyiÝ>ÃLiiVÃ`iÀi`>ÀÃv>VÌÀvÀ
/-°-ÌÕ`Þ}
median nerve displacement during wrist movements may provide useful information 
about median nerve kinematic changes in CTS patients. The purpose of this study was to 
evaluate the deformability and mobility of the median nerve in CTS patients compared 
Ìi>ÌÞÃÕLiVÌÃ°Þ>VÕÌÀ>ÃÕ`>}iÃÜiÀiLÌ>i`Óä>vviVÌi`ÜÀÃÌÃv£Î
patients with CTS. Results were compared to complementary data obtained from both 
ÜÀÃÌÃv£äi>ÌÞÃÕLiVÌÃÀi«ÀÌi` >«ÀiÛÕÃÃÌÕ`Þ° Ì>>`w>i`>iÀÛi
Ã>«i>`«ÃÌÜiÀii>ÃÕÀi`>`>>ÞÃi` vÀ ÃÝ`iwi`ÜÀÃÌÛiiÌÃ°/i
`ivÀ>ÌÀ>ÌÃvÀi>VÛiiÌÜiÀi`iwi`>ÃÌii`>iÀÛi>Ài>]«iÀiÌiÀ
>`VÀVÕ>ÀÌÞvÌiw>«ÃÌÀ>âi`LÞÀiÃ«iVÌÛiÛ>ÕiÃ>ÃÃiÃÃi`ÌiÌ>
position. The median nerve displacement vector and amplitude were also calculated. The 
`ivÀ>ÌÀ>ÌvÀVÀVÕ>ÀÌÞÜ>ÃÃ}wV>ÌiÃÃ
/-«>ÌiÌÃV«>Ài`Ìi>ÌÞ
ÃÕLiVÌÃ`ÕÀ}ÜÀÃÌyiÝ>`ÜÀÃÌÕ>À`iÛ>Ì­*ä°ä£®°/ii>ÛiVÌÀvi`>
nerve displacement and the displacement amplitude of the median nerve during wrist 
yiÝ >`ÜÀÃÌ Õ>À `iÛ>ÌÜiÀi Ã}wV>ÌÞ `vviÀiÌ LiÌÜii
/- «>ÌiÌÃ >`
i>ÌÞÃÕLiVÌÃ­*ä°äx®°
/-«>ÌiÌÃ`vviÀvÀÀ>ÃÕLiVÌÃÜÌÀi}>À`ÌLÌÞ
and deformability of the median nerve.
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INTRODUCTION
Carpal tunnel syndrome (CTS) is the most common peripheral nerve entrapment syndrome, 
and its precise aetiology remains largely unclear. Like other peripheral nerves, the median 
nerve is exposed to various mechanical stresses related to limb postures and movements. 
 Ìi V>Ãi v Ìi i`> iÀÛi  Ìi V>À«> ÌÕi] Ìi ÀiiÛ>Ì ÛiiÌÃ >Ài v
Ìiw}iÀÃ>`ÜÀÃÌ°/ii`>iÀÛi ÀiÃ«Ãi Ì ÌiÃiÃÌÀiÃÃiÃ Ã>VL>Ìv
displacement and deformation.1 Both displacement and deformation are known to vary 
vÀÀ>
/-«>ÌiÌÃ]`ÕiÌVÀi>Ãi`V>À«>ÌÕi«ÀiÃÃÕÀi>`ÌwLÀÃÃÌi
median nerve and the surrounding tissue in the carpal tunnel.2,3
 ƂVÌÕ>Ìi`LÞw}iÀÀÜÀÃÌÌ]Ìii`>iÀÛiV>`Ã«>ViÌÀii`iÃÃ°
Longitudinal sliding of the median nerve in the carpal tunnel has been observed both in 
vitro and in vivo.4-9 Reduced longitudinal excursion of the median nerve at the carpal tunnel 
>ÃLii `iÌwi` 
/-«>ÌiÌÃ°5,10 Transverse motion of the median nerve has also 
LiiÃÌÕ`i`ÌiV>À«>ÌÕi À>ÃÕLiVÌÃ11,12 and CTS patients.1,13 Nakamichi 
iÌ>° vÕ` Ài`ÕVi` ÌÀ>ÃÛiÀÃiÌv Ìii`>iÀÛi`ÕÀ}«>ÃÃÛiyiÝ>`
iÝÌiÃv Ìi `iÝw}iÀ 
/-«>ÌiÌÃ°1 Erel et al. studied the transverse motion 
of the median nerve during passive extension of the digits at the metacarpophalangeal 
Ì vÀäcyiÝ ÌiÕÌÀ>° /iÀ ÀiÃÕÌÃ ÃÜi` Ì>Ì 
/-«>ÌiÌÃ ÌiÀiÜ>Ã >
Ã}wV>ÌÀi`ÕVÌÌÀ>ÃÛiÀÃiÛiiÌÌiÀiÃÞ«Ì>ÌVÃ`iV«>Ài`Ì
the contralateral side.13
 
«>Ài` Ì w}iÀÛiiÌ] ÜÀÃÌÛiiÌÃ>Þ >ÛiÀi yÕiVi  Ìi
«>ÌiV>Ã v 
/-° ƂVÌÛÌiÃ «iÀvÀi` ÜÌ Ìi ÜÀÃÌ yiÝi` À iÝÌi`i` >Ûi
been considered to be risk factors for CTS.14 Wrist position affects not only the interstitial 
yÕ`«ÀiÃÃÕÀiÌiV>À«>ÌÕi]3,15,16 but also the direct contact pressure on the median 
iÀÛivÀÌi>`>ViÌÌÃÃÕiÃ]VÕ`}ÌiyiÝÀÌi`Ã]ÃÕLÃÞÛ>ViVÌÛiÌÃÃÕi
­--
/®ÜÌ Ìi V>À«> ÌÕi >` Ìi yiÝÀ ÀiÌ>VÕÕ°£x]£Ç]£n The shear strain index 
LiÌÜiiÌiÌi`>`i`>iÀÛiÃ}iÀ>ÌÈä` i}ÀiiÃvÜÀÃÌyiÝV«>Ài`Ì
Îä`i}ÀiiÃvyiÝ]vÕÜÀÃÌiÝÌiÃÀiÕÌÀ>ÜÀÃÌ«ÃÌÃ°19 The gliding resistance 
vyiÝÀÌi`Ã>}>ÃÌÌiyiÝÀÀiÌ>VÕÕÃ>ÃÃ}wV>ÌÞVÀi>Ãi`>ÌÈä`i}ÀiiÃ
vÜÀÃÌyiÝV«>Ài`ÌÌiiÕÌÀ>«ÃÌ°20 
 Despite the importance of wrist position in the pathomechanism of CTS, there are 
few studies that have addressed the transverse deformation and mobility of the median 
nerve associated with wrist movement.21-24ÀÀ>ÃÕLiVÌÃ]µÕ>ÌÌ>ÌÛi`>Ì>v Ìi
median nerve displacement and deformation were obtained either by magnetic resonance 
imaging or high frequency ultrasound.21,24
ÃÃÌiÌw`}Ã]ÜVÃÜi`Ìii`>
iÀÛi >`«Ì}> ÀÕ`iÀ Ã>«iÜÌ ÌiÜÀÃÌ yiÝi` V«>Ài` Ì ÌiÜÀÃÌ  iÕÌÀ>
«ÃÌ ÜiÀi Ài«ÀÌi`  ÌiÃi ÃÌÕ`iÃ° Ƃ> iÌ >° ÛiÃÌ}>Ìi` Ìii`> iÀÛi
`ÕÀ}ÜÀÃÌyiÝ>`iÝÌiÃ
/-«>ÌiÌÃ°ÜiÛiÀ]ÞµÕ>Ì>ÌÛi`Ã«>ViiÌ
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results were reported, and the deformation of the median nerve was not described.25 To 
our knowledge, no studies have compared quantitatively the median nerve motion and 
deformation during wrist motion between CTS patients and healthy controls.
 ÌÃÃÌÕ`Þ]ÜiÛiÃÌ}>Ìi`LÌÌi`ivÀ>Ì>`LÌÞvÌii`>iÀÛi
in the transverse plane during six different hand and wrist motions in CTS patients and 
V«>Ài`ÌiÃiÀiÃÕÌÃÌÌÃi«ÀiÛÕÃÞÀi«ÀÌi`vÀÀ>ÃÕLiVÌÃ°21 Our hypothesis 
was that the deformability and mobility of the median nerve in response to maximal wrist 
yiÝ] iÝÌiÃÀ Õ>À`iÛ>Ì>ÞLi Ài`ÕVi` «>ÌiÌÃÜÌ
/-°7iLiiÛi
that such information could be valuable to the study of kinematics of the median nerve in 
patients with CTS.
MATERIALS AND METHODS
/ÀÌii«>ÌiÌÃÜÌVV>Þ`>}Ãi`
/-ÜiÀi ÀiVÀÕÌi` ­Èi]ÇÜi]i>
>}ixä°ÜÌ>À>}iv{£ÈäÞi>ÀÃ®>VVÀ`}ÌÌi`>}ÃÌVVÀÌiÀ>vÌi+Õ>ÌÞ
-Ì>`>À`Ã -ÕLVÌÌii v Ìi ƂiÀV> ƂV>`iÞ v  iÕÀ}Þ°26 Ƃ} Ìi] Ç
patients had bilateral CTS and the remaining 6 patients had unilateral CTS, thus a total 
of 20 wrists with CTS were included in this study. Patients were excluded if they had the 
vÜ}V`ÌÃ\ÀiÕ>Ì`>ÀÌÀÌÃÆÃÌi>ÀÌÀÌÃÆ`i}iiÀ>ÌÛiÌ`Ãi>ÃiÌi
>`ÀÜÀÃÌÆyiÝÀÌi`ÌÃÌi>`ÀÜÀÃÌÆÃ«>ViVVÕ«Þ}iÃÃvÌiÜÀÃÌÆ
coexistent neurologic diseases, such as polyneuropathy, proximal median neuropathy, 
cervical radiculopathy, diabetes mellitus; history of fractures or other trauma to the hand 
or wrist; other systematic diseases. Similar methods were applied in a previous study of 
i>ÌÞÃÕLiVÌÃ]ÜVÀi«ÀÌi`£äi>ÌÞÛÕÌiiÀÃ­{i]ÈÜi]i>>}iÎ
year with a range of 25-56 years) with no clinical signs or symptoms of CTS.21 Both wrists 
ÜiÀiiÛ>Õ>Ìi`i>ÌÞÃÕLiVÌ°/ÕÃ>ÌÌ>vÓäÜÀÃÌÃÜiÀiiÝ>i`Ìi«ÀiÛÕÃ
study, which will serve as a control group for the current study.
Ultrasound examination
>VÃÕLiVÌÜ>Ã >}i`ÜiÃÌÌ}ÜÌÌiÃÕ`iÀ ÌiiÕÌÀ>«ÃÌ>`Ìi
vÀi>ÀÃÕ«>Ìi`°/ivÀi>ÀvÌiÃÕLiVÌÜ>Ã«>Vi`>VÕÃÌ>`iÌ>LiÜÌ
ÌiÜÀÃÌÌiiÕÌÀ>«ÃÌ°ƂÕÌÀ>ÃÕ`ÃV>iÀ­ƂVÕÃ-iµÕ>
x£Ó]-iiÃ
i`V>-ÕÌÃ]>ÛiÀ]*Ƃ]1-Ƃ®Ü>ÃÕÃi`]iµÕ««i`ÜÌ> i>À>ÀÀ>ÞÌÀ>Ã`ÕViÀ
­£xnÆ vÀiµÕiVÞ\n£{â®°/i`i«Ìv ÌiÕÌÀ>ÃÕ` >}iÜ>Ã>`ÕÃÌi` ÌÓxÎä
mm, depending on the tissue thickness of the examined hand. Ultrasound examinations 
were performed by a radiologist with more than 5 years of experience in musculoskeletal 
ÕÌÀ>ÃÕ`° /i >}i >VµÕÃÌ vÀ>i À>Ìi Ü>Ã ÃiÌ Ì Çä â ÜÌ > >}i
compression. 
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 The transducer was placed at the proximal carpal tunnel. The proximal carpal tunnel was 
`iwi`>ÃÌi>Ài>LiÌÜiiÌi«ÃvÀ>`ÌiÃV>«`ÌÕLiÀViÆÌiÃiÌÜ>`>ÀÃ
>Ài«>«>LiÌi«>vÌi>`>`VÕ`Lii>ÃÞ `iÌwi`ÕÌÀ>ÃÕ`ÜÌ
the characteristics of hyperechoic surface and strong posterior acoustic shadowing. 
The transducer was maintained perpendicular to the median nerve in order to get clear 
>}iÃ>`Ì>Û`>ÃÌÀ«V>ÀÌiv>VÌ°/ÃÌ>LâiÌiÌÀ>Ã`ÕViÀ`ÕÀ}w}iÀÀÜÀÃÌ
motion and to minimize compression of the tissue within the carpal tunnel, a custom-made 
ÌÀ>Ã`ÕViÀwÝ}`iÛViÜ>Ãv>ÃÌii`>ÌÌiÃÕLiVÌÃ½«>°21 To measure the wrist angle 
`ÕÀ}ÜÀÃÌÛiiÌ]>Ó>ÝÃÌÌÃiÃÀ­
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iL>Vv Ìi>`°	Ì`ÀÃ>
palmar and radial-ulnar rotational motion was collected during the wrist movements. The 
tilt sensor only registers angulation relative to the gravity vector. To allow it to measure wrist 
angle for both motion planes, different orientations of the wrist and sensor relative to the 
ÜÀÃÌÜiÀiÀiµÕÀi`°ÌÜ>ÃÕÌi`ÜÌ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iwÀÃÌ«ÃÌvÌiÜÀÃÌÜ>Ã>ÌÌiÀâÌ>
plane). For the wrist radial-ulnar movement, the forearm was rotated such that wrist radial-
ulnar movement followed the vertical plane, and the tilt sensor was repositioned to allow 
its base to again be parallel with the horizontal plane. Tilt sensor data measuring wrist 
>}iÃÜiÀiViVÌi`VVÕÀÀiÌÞÜÌ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Î° 7ÀÃÌyiÝÜÌw}iÀyiÝ]`iwi`>ÃÜÀÃÌÌvÀÌiiÕÌÀ>«ÃÌÌ
>Ý>yiÝÜi>w}iÀÃÜiÀiyiÝi`ÌvÀ>wÃÌÆ
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iiÕÌÀ>«ÃÌ
Ì>Ý>iÝÌiÃÜi>w}iÀÃÜiÀii`vÕiÝÌiÃÆ
x° 7ÀÃÌiÝÌiÃÜÌw}iÀyiÝ]`iwi`>ÃÜÀÃÌÌvÀÌiiÕÌÀ>«ÃÌÌ
>Ý>iÝÌiÃÜi>w}iÀÃÜiÀiyiÝi`ÌvÀ>wÃÌÆ
È° 7ÀÃÌÕ>À`iÛ>ÌÜÌ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i Ì ÓÎ ÌiÃ ÜÌ Ìi
iÝ>iÀ° ƂÛiiÌÃÜiÀi Ài«i>Ìi` >}> Î ÌiÃ vÀ Ìi iÝ«iÀiÌ° /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Image analysis
>}iÃÜiÀiiÛ>Õ>Ìi`ÕÃ}Ƃ>Þâi££°äÃvÌÜ>Ài ­>Þ
V],ViÃÌiÀ] ]1-Ƃ®°
ƂvÌiÀÌiÌ>>`w>vÀ>iÃvÌiÌÜiÀiÃiiVÌi`]Ìii`>iÀÛiÜ>ÃÕÌi`
>Õ>ÞÕÃ}> VÌÕÕÃLÕ`>ÀÞ ÌÀ>Vi ÕÃÌÜÌ ÌiiV}iVLÕ`>ÀÞv Ìi
nerve.ÓÇ The following parameters of the median nerve were calculated automatically: area, 
«iÀiÌiÀ]VÀVÕ>ÀÌÞ]>`ÌiViÌÀ`VÀ`>ÌiÃ°
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  Eq. 1
vÌiVÀVÕ>ÀÌÞÜ>Ã£]ÌiÕÌi`«Þ}ÀiÃiLi`>«iÀviVÌVÀViÆ>Û>ÕiiÃÃÌ>
1 indicated a deviation from a circle (e.g., oval or irregular shaped polygon). The centroid 
Ü>Ã`iwi` >Ã Ìi ViÌÀi v >Ài> v Ìi ÕÌi`i`> iÀÛi >`Ü>Ã iÝ«ÀiÃÃi` 
Cartesian coordinates x (radial-ulnar axis) and y (palmar-dorsal axis).
 To assess the deformability of the median nerve, we calculated deformation ratios 
vÀ>Ài>]«iÀiÌiÀ>`VÀVÕ>ÀÌÞ°/i`ivÀ>ÌÀ>ÌÜ>Ã`iwi`>ÃÌiÛ>ÕiÌi
w>«ÃÌÀ>âi`LÞÌiÀiÃ«iVÌÛiÛ>ÕiÌiÌ>«ÃÌ°ivÀ>ÌÀ>ÌÃ
VÃiÀÌ£«ÞÌ>ÌÌii>ÃÕÀiiÌÃvÌi«>À>iÌiÀV>VÕ>Ìi`ÌiÌ>>`w>
positions were very similar. The more the deformation ratio deviates from 1 the greater the 
`vviÀiViLiÌÜiiÌii>ÃÕÀiiÌvÌi«>À>iÌiÀÌiwÀÃÌ>`w>«ÃÌÃ°
 To assess the mobility of the median nerve, we calculated the displacements in radial-
ulnar (x) and palmar-dorsal directions (y®LÞV«>À}ÌiÌ>>`w>ViÌÀ`«ÃÌÃ°
/ii`>iÀÛi`Ã«>ViiÌÛiVÌÀÜ>Ã`iwi`>ÃÌiw>«ÃÌvi`>iÀÛi
relative to its initial position in each wrist movement. The amplitude of the median nerve 
`Ã«>ViiÌÜ>Ã`iwi`>Ã\
        Eq. 2
The sign convention for motion analysis was such that the palmar and ulnar directions were 
`iwi`>Ã«ÃÌÛi>`ÌiÀ>`>>``ÀÃ>`ÀiVÌÃÜiÀi`iwi`>Ãi}>ÌÛiÛ>ÕiÃ°
Normalization of measurements
Displacement vector and displacement amplitude of the median nerve were normalized to 
>`i}Ì°>`i}ÌÜ>Ã`iwi`>ÃÌi`ÃÌ>VivÀÌiÌ«vÌi``iw}iÀÌ
the midline of the distal wrist crease when the forearm and hand were supinated on a table 
and was measured with a ruler on which the minimal scale was millimetre.28 Normalized 
results were presented as Normalized Units (NU) in which 1 NU = 1% of the normalized 
length. Thus for example, if the hand length was 100 mm and the displacement amplitude 
of the median nerve was 3 mm, the measurement would be expressed as 3 NU (i.e., 3% of 
the normalized length). The mean hand length of all wrists of CTS patients in this study was 
184.55 ± 9.85 mm. Thus, one NU was roughly 1.85± 0.10 mm.
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Statistical analysis
*°ä­-Ƃ-ÃÌÌÕÌi]
>ÀÞ] 
]1-Ƃ®>`>Ì>L­>Ì7ÀÃV°] >ÌV]Ƃ]1-Ƃ®ÜiÀi
used for statistical analysis. Mardia’s bivariate test for normality was performed on median 
iÀÛi`Ã«>ViiÌ`>Ì>°ƂÀiÃÕÌÃ>ÀiiÝ«ÀiÃÃi`>Ã>i>´ÃÌ>`>À``iÛ>Ì­-®°
/iÕ«>Ài`ÌÌiÃÌ>`iÜ>ÞƂ "6ƂÜ>ÃÕÃi`Ì>>ÞÃiÌi`vviÀiViÃÌii>Ã
of maximal wrist angles, deformation ratios, and normalized displacement amplitude of 
Ìii`>iÀÛiLiÌÜii«>ÌiÌ`>Ì>ViVÌi`ÌÃÃÌÕ`Þ>``>Ì>vi>ÌÞÃÕLiVÌÃ
previously reported.21 The difference of the median nerve displacement vector between 
«>ÌiÌ`>Ì>vÌÃÃÌÕ`Þ>``>Ì>vi>ÌÞÃÕLiVÌÃ«ÀiÛÕÃÞÀi«ÀÌi`21 was analysed 
using the bivariate Mardia’s two-sample test and the Mardia-Watson-Wheeler non-
parametric test.29 The mean vector was used to represent the sample centre. The standard 
i«Ãi]Ài«ÀiÃiÌ>ÌÛivÃ>«iÛ>À>Ì]>`Ìi}½ÃVw`iVii«Ãi«>À>iÌiÀÃ
(α = 0.05) were calculated for each motion to describe sample variation. P-values of less 
Ì>ä°äxÜiÀiVÃ`iÀi`ÃÌ>ÌÃÌV>ÞÃ}wV>Ì°/ÃÃÌÕ`Þ«ÀÌVÜ>ÃÀiÛiÜi`>`
>««ÀÛi`LÞÌiÃÌÌÕÌ>,iÛiÜ	>À`vÕÀÃÌÌÕÌ°
RESULTS
Maximal wrist angles during wrist movements
/iÜÀÃÌ>}iÃ`ÕÀ}ÜÀÃÌiÝÌiÃÜÌw}iÀÃiÝÌi`i`ÀyiÝi` 
/-«>ÌiÌÃ
­Îx°Çx´Ç°Ón`i}ÀiiÃ>`ÎÇ°nä´£ä°xx`i}ÀiiÃ]ÀiÃ«iVÌÛiÞ®ÜiÀiÃ}wV>ÌÞÜiÀÌ>
ÌÃi i>ÌÞÃÕLiVÌÃ ­{x°ÈÈ´£Ó°Óx`i}ÀiiÃ>`{n°ä{´£ä°ÓÇ`i}ÀiiÃ] ÀiÃ«iVÌÛiÞ®
(both P=0.004) (Figure 1). There were no differences in wrist angle between CTS patients 
>`i>ÌÞÃÕLiVÌÃvÀÌiÌiÀÛiiÌÃ­*ä°äx®°
Figure 1 The comparison 
of the wrist angles 
between CTS patients 
>` i>ÌÞ ÃÕLiVÌÃ° /i
maximal wrist angle during 
ÜÀÃÌiÝÌiÃÜÌw}iÀÃ
iÝÌi`i`ÀyiÝi`
/-
«>ÌiÌÃ Ü>Ã Ã}wV>ÌÞ
lower than those in healthy 
ÃÕLiVÌÃ°
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Deformation ratios of the median nerve 
The deformation ratios of the area, perimeter and circularity of the median nerve during 
w}iÀ >`ÜÀÃÌÛiiÌÃ >Ài ÃÜ />Li£° ÀÜÀÃÌ yiÝÜÌ w}iÀÃ yiÝi`]
Ìi`ivÀ>ÌÀ>Ìvi`>iÀÛi«iÀiÌiÀÜ>ÃÃ}wV>ÌÞ}iÀ
/-«>ÌiÌÃ
Ì>Ì>Ì i>ÌÞÃÕLiVÌÃ ­*rä°äÓ{® ­À>Ì vÀLÌ}ÀÕ«ÃÜ>Ã iÃÃ Ì>£®°ÀÜÀÃÌ
yiÝÜÌw}iÀÃiÝÌi`i`ÀyiÝi`>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀÃiÝÌi`i`]Ìi
`ivÀ>ÌÀ>ÌvVÀVÕ>ÀÌÞ 
/-«>ÌiÌÃÜ>ÃÃ}wV>ÌÞ iÃÃÌ>Ì>Ì i>ÌÞ
ÃÕLiVÌÃ ­*rä°ää]*rä°ää{>`*ä°ää£] ÀiÃ«iVÌÛiÞ® ­}ÕÀiÓ® ­À>Ì vÀLÌ}ÀÕ«Ã
Ü>ÃL}}iÀÌ>£®°Àw}iÀyiÝ>`ÜÀÃÌiÝÌiÃÜÌw}iÀÃiÝÌi`i`ÀyiÝi`]
no difference in any deformation ratio of the median nerve was found between the CTS 
«>ÌiÌÃ>`i>ÌÞÃÕLiVÌÃ°
Wrist motions Area deformation ratio  
Perimeter 
deformation ratio
Circularity 
deformation ratio
(KPIGTƃGZKQP
    Patients 1.00±0.16 0.98±0.08 1.05±0.13
i>ÌÞÃÕLiVÌÃ 0.99±0.12 0.98±0.09 1.09±0.15
9TKUVƃGZKQPYKVJƂPIGTGZVGPUKQP
    Patients 0.93±0.20 ä°nÇ´ä°£È 1.23±0.16**
i>ÌÞÃÕLiVÌÃ 1.06±0.24 0.86±0.16 1.49±0.38
9TKUVƃGZKQPYKVJƂPIGTƃGZGF
    Patients 0.98±0.21 0.89±0.13* 1.25±0.28**
i>ÌÞÃÕLiVÌÃ 0.94±0.22 ä°Ç´ä°£x £°xÇ´ä°ÎÈ
9TKUVGZVGPUKQPYKVJƂPIGTGZVGPUKQP
    Patients 1.01±0.20 1.02±0.14 0.99±0.20
i>ÌÞÃÕLiVÌÃ 1.03±0.15 ä°Ç´ä°££ 1.12±0.19
9TKUVGZVGPUKQPYKVJƂPIGTƃGZGF
    Patients ä°Ç´ä°Óä 1.00±0.12 0.99±0.20
i>ÌÞÃÕLiVÌÃ 0.98±0.15 0.98±0.12 1.05±0.22
Wrist ulnar deviation
    Patients ä°Ç´ä°Óä 0.90±0.12 1.19±0.16**
i>ÌÞÃÕLiVÌÃ £°äÓ´ä°ÓÇ 0.93±0.20 1.53±0.32
Table 1 Median nerve deformation ratios.
* p<0.05,  ** p<0.01
Displacement vector of the median nerve
i>ÛiVÌÀÃvÀ>ÛiiÌÃ>ÀiÃÜ/>LiÓ°VÕ`i`>ÀiÛiVÌÀ>}ÌÕ`i­ρ) 
and vector direction (θ®]>À>`ÀVw`iVii«Ãi>ÝiÃ­>>`L®>`V>Ìv
the ellipse (ψ). Solid ellipses represent standard deviation, dashed ellipses represent 95% 
Vw`iViÌÃ>`ÌiÀ>`>iÀi«ÀiÃiÌÃÌii>ÛiVÌÀvÀi>V}ÀÕ«°/ÃÌ>Li
VÕ`iÃ` >Ì>«ÕLÃi`«ÀiÛÕÃÞ]ÜÌÀi}>À`ÌÌiÀ>ÃÕLiVÌÃ]21 and compares that 
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`>Ì>ÜÌÌÃiÌi«>ÌiÌÃÃÌÕ`i`iÀi°7ÌÌiiÝVi«ÌvÜÀÃÌyiÝÜÌw}iÀÃ
iÝÌi`i`]>ÌÃÜiÀivÕ`Ì>Ûi>À>`ÃÌÀLÕÌ°ƂÃ}wV>Ì`vviÀiVi
in the mean median nerve displacement vector was found between CTS patients and 
i>ÌÞÃÕLiVÌÃvÀÜÀÃÌyiÝÜÌw}iÀÃiÝÌi`i`ÀyiÝi`­*ä°ä£®]ÜÀÃÌiÝÌiÃ
ÜÌw}iÀÃiÝÌi`i` ­*ä°äx®>`ÜÀÃÌÕ>À`iÛ>ÌÜÌw}iÀÃiÝÌi`i` ­*ä°ä£®
­}ÕÀiÃÎƂ®° Ã}wV>Ì`vviÀiViÜ>ÃvÕ`LiÌÜiii>ÌÞÃÕLiVÌÃ>`«>ÌiÌÃ
vÀÛiiÌÃvw}iÀyiÝ­*rä°Ó£Ç®ÀÜÀÃÌiÝÌiÃÜÌw}iÀÃyiÝi`­*rä°£äÈ®
(Figures 3E-F).
Figure 2 The median nerve at the 
V>À«>ÌÕi>«>ÌiÌÜÌ
/-°ƂÌ
ÌiÃÌ>ÀÌ­wÀÃÌ>}i®vÜÀÃÌ>Ý>
yiÝ ÜÌ w}iÀÃ iÝÌi`i`] Ìi
enlarged median nerve (dashed 
ellipse) was located between the 
yiÝÀÀiÌ>VÕÕ>`yiÝÀÌi`Ã
on ultrasound scans in the transverse 
«>i°ƂÌÌii`­>ÃÌ>}i®vÌi
movement the median nerve (dashed 
ellipse) was still located between the 
yiÝÀÀiÌ>VÕÕ>`yiÝÀÌi`Ã
and had moved only slightly towards 
the ulnar side of the carpal tunnel. 
Normalized amplitudes of the median nerve displacement
The normalized amplitudes of median nerve displacement are shown in Table 3. The 
À>âi`>«ÌÕ`iÃvi`>iÀÛi` Ã«>ViiÌ
/-«>ÌiÌÃÜiÀiÃ}wV>ÌÞiÃÃ
V«>Ài`ÌÌÃiÀ>ÃÕLiVÌÃÜÀÃÌyiÝÜÌ>`ÜÌÕÌw}iÀyiÝ>`
ÜÀÃÌÕ>À` iÛ>Ì­*rä°ä£È]*rä°ä£ä>`*rä°ääx]ÀiÃ«iVÌÛiÞ®° Ã}wV>Ì` vviÀiVi
Ü>ÃvÕ`vÀÌiÀ>âi`>«ÌÕ`ivi`>iÀÛi`Ã«>ViiÌvÀw}iÀyiÝ
>`ÜÀÃÌ iÝÌiÃÜÌ w}iÀÃ iÝÌi`i`À yiÝi`LiÌÜii Ìi ÌÜ}ÀÕ«Ã ­*ä°äx®°
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/GCPϋ
07 /GCPς a (NU) b (NU) ψ
(KPIGTƃGZKQP
    Patients 0.1 Ón°¨ 0.5 0.2 °£¨
i>ÌÞÃÕLiVÌÃ 0.2 ££Ç°Î¨ 0.5 0.2 £È°ä¨
9TKUVƃGZKQPYKVJƂPIGTGZVGPUKQP
    Patients 0.8 £ÎÇ°Î¨II 1.0 0.3 È°Ó¨
i>ÌÞÃÕLiVÌÃ 1.5 ÓÈÇ°£¨ 1.2 0.5 ££°¨
9TKUVƃGZKQPYKVJƂPIGTƃGZKQP
    Patients 1.0 ÎÎ£°{¨II 1.0 0.4 {°x¨
i>ÌÞÃÕLiVÌÃ 1.8 Óx°ä¨ 1.1 0.5 ££°Ç¨
9TKUVGZVGPUKQPYKVJƂPIGTGZVGPUKQP
    Patients 0.2 £{{°{¨I ä°Ç 0.2 £Ó¨
i>ÌÞÃÕLiVÌÃ 0.4 ÓÓx°È¨ 0.5 0.2 Ç°n¨
9TKUVGZVGPUKQPYKVJƂPIGTƃGZKQP
    Patients 0.6 £n{°{¨ 0.5 0.2 ä°Ç¨
i>ÌÞÃÕLiVÌÃ 0.5 £nÓ°ä¨ 0.5 0.2 Ó°x¨
Wrist ulnar deviation 
    Patients 1.8 £ä°¨II 0.8 0.3 £{°È¨
i>ÌÞÃÕLiVÌÃ 2.8 £nn°x¨ 0.3 0.2 x°Ó¨
Table 2 /ii>ÛiVÌÀ>`Vw`iViÌÃvÀÛ>ÀÕÃ«>À>iÌiÀÃvÌii`>iÀÛi` Ã«>ViiÌ
`ÕÀ} w}iÀ >` ÜÀÃÌ ÛiiÌÃ  «>ÌiÌÃ ÜÌ 
/- >` i>ÌÞ ÃÕLiVÌÃ° ƂLLÀiÛ>ÌÃ\ 
ρ = vector length, NU; normalized units (is approximately 1.8 mm), θrÛiVÌÀ>}i]>r>Ài«Ãi
>ÝiÃvÀÛ>À>ÌvÌiVw`iViÌÃ]LrÀi«Ãi>ÝiÃvÀÛ>À>ÌvÌiVw`iViÌÃ]
ψ = inclination of the ellipse. * p<0.05,  ** p<0.01
Amplitude of median nerve displacement (NU)
(KPIGTƃGZKQP    ä°Çx´ä°{{
    Patients
i>ÌÞÃÕLiVÌÃ 0.85±0.33
9TKUVƃGZKQPYKVJƂPIGTGZVGPUKQP
    Patients £°Ç{´ä°ÇnI
i>ÌÞÃÕLiVÌÃ Ó°ÎÈ´ä°Ç
9TKUVƃGZKQPYKVJƂPIGTƃGZKQP
    Patients £°Ç£´ä°äII
i>ÌÞ-ÕLiVÌÃ 2.46±0.84
9TKUVGZVGPUKQPYKVJƂPIGTGZVGPUKQP
    Patients 0.90±0.68
i>ÌÞÃÕLiVÌÃ ä°ÇÇ´ä°{È
9TKUVGZVGPUKQPYKVJƂPIGTƃGZKQP
    Patients 0.85±0.56
i>ÌÞÃÕLiVÌÃ 0.81±0.58
Wrist ulnar deviation 
    Patients 1.93±1.23**
i>ÌÞÃÕLiVÌÃ 2.86±0.51
Table 3/iÀ>âi`>«ÌÕ`iÃv Ìii`>iÀÛi`Ã«>ViiÌ`ÕÀ} Ìiw}iÀ>`ÜÀÃÌ
ÛiiÌÃ«>ÌiÌÃ>`i>ÌÞÃÕLiVÌÃ°I«ä°äx]II«ä°ä£
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Figure 3 A-F The median nerve displacement vectors in CTS patients. Solid ellipses represent standard 
`iÛ>Ì]`>Ãi`i«ÃiÃÀi«ÀiÃiÌx¯Vw`iViÌÃ>`ÌiÀ>`> iÀi«ÀiÃiÌÃÌii>
vector for each group. A°7ÀÃÌyiÝÜÌw}iÀÃiÝÌi`i`°/i>ÀÀÜ`V>ÌiÃÌÜÃÕ«iÀ«Ãi`
«ÌÃvÀ>«>ÌiÌ>`>i>ÌÞÃÕLiVÌÀiÃ«iVÌÛiÞ°B°7ÀÃÌyiÝÜÌw}iÀÃyiÝi`°C. Wrist 
iÝÌiÃÜÌw}iÀÃiÝÌi`i`°D°7ÀÃÌÕ>À`iÛ>ÌÜÌw}iÀÃiÝÌi`i`°E°}iÀyiÝ°F. 
7ÀÃÌiÝÌiÃÜÌw}iÀÃyiÝi`°/i>ÀÀÜ`V>ÌiÃÌÜÃÕ«iÀ«Ãi`«ÌÃvÀ>«>ÌiÌ>`
>i>ÌÞÃÕLiVÌÀiÃ«iVÌÛiÞ°
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DISCUSSION
ƂÃÃV>ÌÃ>ÛiLii>`iLiÌÜiiÀi«iÌÌÛi>`>`ÜÀÃÌÌÃ>`Ìi«ÃÃLi
effect on the development of CTS.30,31 Therefore, it is important to understand the 
i>ÌVÃvÌii`>iÀÛi`ÕÀ}`vviÀiÌÜÀÃÌÌÃ°ÌÃÃÌÕ`ÞÜiiÛ>Õ>Ìi`
the deformability and mobility of the median nerve at the proximal carpal tunnel during 
w}iÀ>`ÜÀÃÌÛiiÌÃ
/-«>ÌiÌÃ>`V«>Ài`ÌiÃiÀiÃÕÌÃÌÌÃi«ÀiÛÕÃÞ
Ài«ÀÌi`vÀÀ>ÃÕLiVÌÃ°217ivÕ`Ì>ÌÜÌ>Ý>ÜÀÃÌyiÝÜÌÀÜÌÕÌ
w}iÀyiÝ>`>Ý>Õ>À`iÛ>Ì]Ìii`>iÀÛi`ivÀi`>`Ûi`iÃÃ
«>ÌiÌÃÜÌ
/-V«>Ài`Ìi>ÌÞÃÕLiVÌÃ°
 Many studies have investigated deformation and mobility of the median nerve using 
imaging modalities, such as magnetic resonance imaging and ultrasound.11,13,21,24,32-34 Most 
ÃÌÕ`iÃ>ÛivVÕÃi`ÌiivviVÌvw}iÀÌ°11-13,34 Fewer studies have investigated 
median nerve displacement in the transverse plane during wrist movement.21,22,24,32,33 Most 
of these studies investigated the effect of wrist motion on median nerve shape and/or 
`Ã«>ViiÌi>ÌÞÃÕLiVÌÃ°22,35,36 They found that the median nerve remained palmar 
`ÕÀ}ÜÀÃÌiÝÌiÃ>`]ÃÌÃÕLiVÌÃ]Ûi``ÀÃ>Þ`ÕÀ}ÜÀÃÌyiÝ°Àii}
et al. found reduced median nerve displacement in the transverse plane in patients with 
Ã«iVwV>À«>°32,33 
/-«>ÌiÌÃÜiÀiVÕ`i`ÌiÀÃÌÕ`iÃ°Ƃ>iÌ>°
found that in 65% of the CTS patients included in the study, the median nerve moved less 
>`Ài>i`i>ÀÌiyiÝÀÀiÌ>VÕÕ`ÕÀ}ÜÀÃÌyiÝÜiÌiÃ>iVVÕÀÀi`
ÞÓÇ¯vÀ>ÃÕLiVÌÃ°25/iÃiÀiÃÕÌÃ>ÀiVÃÃÌiÌÜÌÕÀw`}Ã°
 We observed that the deformation of the median nerve in CTS patients was decreased 
V«>Ài`Ìi>ÌÞÃÕLiVÌÃ°/iÀ>i`>iÀÛi`ivÀÃÌ>VV`>Ìiw}iÀ
or wrist movement.11,12,22/Ã>ÞLiÀi>Ìi`ÌÌiÃ«iVwVÌiÀ>ÃÌÀÕVÌÕÀivi`>
iÀÛi° ÃÌ}V>Þ] Ìi i`> iÀÛi Ã V«Ãi` v >ÝÃ] ÜV >Ài LÕ`i` LÞ
several connective tissue layers.ÎÇ]În The extensibility of these layers is critical for the nerve 
Ì>VV`>ÌiÌiÃiÀV«ÀiÃÃÛiÃÌÀiÃÃLÞi}>Ì}]}`}À`ivÀ}°
/-
«À}ÀiÃÃÛiwLÀÃÃ>ÃLiivÕ`Ìii«iÕÀ>>`«iÀiÕÀ>ViVÌÛiÌÃÃÕiÃ°39,40 
/ÃwLÀÃÃ>ÞÀiÃÕÌ>«iÀ>iÌÞ` iVÀi>Ãi`V«>VivÌii`>iÀÛi` ÕÀ}
its movement in the carpal tunnel. Orman et al. used ultrasound elastography to evaluate 
the stiffness of median nerve in the carpal tunnel.41 They found that the median nerve was 
ÃÌvviÀ«>ÌiÌÃÜÌ
/-Ì>À>ÃÕLiVÌÃ]ÜVÃVÃÃÌiÌÜÌÌiÀiÃÕÌÃv
our study.
 We also observed that the mobility of the median nerve was decreased in CTS 
«>ÌiÌÃ°Ìii>ÌÞV>À«>ÌÕiÌiÌi`Ã>`iÀÛi>ÀiÃÕÀÀÕ`i`LÞÃÕLÃÞÛ>
ViVÌÛiÌÃÃÕi­--
/®]ÜVÃwÞ>`ÃÕ««i]>`ÌÕÃV>v>VÌ>ÌiÃÌ}`}
>``ivÀ>ÌvÌii`>iÀÛiÌiV>À«>ÌÕi°«>ÌiÌÃÜÌ
/-]Ìi--
/
Ã wLÀÌV]42-44 which may cause the median nerve and tendons to become attached to 
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>`>ViÌ ÃÌÀÕVÌÕÀiÃ]«ÀiÛiÌ} ÌiiÀÛi vÀÛ} vÀiiÞ>`V>ÕÃ} Ì ÌLiVi
V«ÀiÃÃi`LiÌÜii Ìi`Ã>` ÌiyiÝÀ ÀiÌ>VÕÕ`ÕÀ}ÜÀÃÌyiÝ°/Ã>Þ
explain why CTS symptoms are provoked by Phalen’s maneuver. Enlargement of the 
i`>iÀÛi>Þ>Ã«>ÀÌÃLÌÞ°ƂVÀi>Ãi`i`>iÀÛiVÀÃÃÃiVÌ>>Ài>
Ã>ÜiÜw`}
/-«>ÌiÌÃ°45,46 The decreased cross-sectional area of the carpal 
ÌÕiÜÀÃÌyiÝVLi`ÜÌÌii>À}i`i`>iÀÛi>ÞvÕÀÌiÀ`iÀÌi
i`>iÀÛivÀÛ}`ÀÃ>ÞLiÌÜiiÌiyiÝÀÌi`Ã°36 
 Lastly, we found that the decreases in deformation and displacement of the median 
iÀÛi  
/- «>ÌiÌÃ ÜiÀiÀi iÛ`iÌ `ÕÀ} ÜÀÃÌ yiÝ° /Ã >Þ Li Ài>Ìi` Ì
V>}iÃÌi>>ÌÞÀ«ÀiÃÃÕÀiÜÌÌiV>À«>ÌÕi`ÕÀ}ÜÀÃÌyiÝ]V«>Ài`
ÌÜÀÃÌiÝÌiÃÀÌiiÕÌÀ>ÜÀÃÌ«ÃÌ°ÜÀÃÌyiÝLÌÌi«ÀÝ>>``ÃÌ>
part of the carpal tunnel cross-sectional area are decreased compared to the neutral 
position.ÎÈ]{Ç]{nÕÀÌiÀÀiÌiyiÝÀÌi`ÃÛi«>>ÀÞÜÌÜÀÃÌyiÝ°49 Palmar 
ÛiiÌvÌiyiÝÀÌi`Ã>ÞvÕÀÌiÀVÌÀLÕÌiÌÌiVÀi>Ãi`VÌ>VÌ«ÀiÃÃÕÀi
on the median nerve. 
 Our study has several limitations. First, our study has a small sample size. Yet even with 
ÌÃÃ>Ã>«iÃâiÜiÜiÀi>LiÌÌiÃ}wV>Ì`vviÀiViÃLiÌÜii
/-«>ÌiÌÃ
>`i>ÌÞÃÕLiVÌÃ°21 Second, the ultrasonographic results could not be correlated with 
the severity of the CTS due to the small sample size. Future studies with a larger sample 
size are necessary to explore the relationship between the mobility and deformability 
of the median nerve and the severity of CTS. The data presented in the current study 
will serve as a useful baseline for future studies. Third, although we performed dynamic 
ÕÌÀ>ÃÕ`vÌii`>iÀÛi]ÜiÞ>>ÞÃi`Ìii`>iÀÛiÌiwÀÃÌ>`w>
image of the movement. Dynamic changes, such as the path of motion, were not analysed. 
/Ã>Þ «ÀÛ`i >``Ì> ÕÃivÕ vÀ>Ì°ÜiÛiÀ] >>ÞÃÃ v Ìii`> iÀÛi
Ì«>ÌÃ>LÕÀÌiÃÛi>`µÕ>ÌwV>ÌÃ`vwVÕÌ°i>ÃÕÀiiÌvÌii`>
iÀÛi«>À>iÌiÀÃÌiwÀÃÌ>`>ÃÌ>}iÃÌiÀivÀi>Ã«iiÌ`vÀiÛ>Õ>Ì}Ìi
mobility and deformability of the median nerve during wrist movement. 
  ÃÕ>ÀÞ] ÕÀ ÃÌÕ`Þ ÃÜi` Ì>Ì 
/- «>ÌiÌÃ >Ûi > `iVÀi>Ãi` `ivÀ>LÌÞ
and mobility of the median nerve at the proximal carpal tunnel in the transverse plane 
ÜÌÜÀÃÌyiÝ>`Õ>À`iÛ>ÌvÌiÜÀÃÌ°/ÃÃÌÕ`Þ>ÃÀiÛi>i``vviÀiViÃ 
median nerve transverse kinematics in the carpal tunnel between CTS patients and healthy 
ÃÕLiVÌÃ° ÕÀÌiÀ ÃÌÕ`iÃÜÌ> >À}iÀ Ã>«iv«>ÌiÌÃ >ÀiiViÃÃ>ÀÞ Ì`iÌiÀi v
changes of kinematics of the median nerve can be related to severity of CTS and if these 
measurements may be useful for predicting treatment response. 
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ABSTRACT
Dynamics of structures within the carpal tunnel may be different in carpal tunnel syndrome 
­
/-®` ÕiÌwLÀÌVV>}iÃ>`VÀi>Ãi`V>À«>ÌÕi«ÀiÃÃÕÀi°1ÌÀ>ÃÕ`>ÞLi>Li
to visualize these changes, making ultrasound potentially a diagnostic tool. To study this, 
Üi>}i`ÌiV>À«>ÌÕiv££Î«>ÌiÌÃ>`{ÓVÌÀÃ°
/-ÃiÛiÀÌÞÜ>ÃV>ÃÃwi`
>VVÀ`}ÌÛ>`>Ìi`VV>>`iÀÛiV`ÕVÌÃÌÕ`Þ­ 
-®V>ÃÃwV>ÌÃ°/À>ÃÛiÀÃi
and longitudinal displacement and shape (changes) were calculated for the median nerve, 
tendons and surrounding tissue. To predict diagnostic value of ultrasound binary logistic 
regression modelling was applied. ,i`ÕVi` }ÌÕ`>iÀÛi`Ã«>ViiÌ ­«ćä°ä£®]
VÀi>Ãi`iÀÛiVÀÃÃÃiVÌ>>Ài> ­«ćä°ääÈ®>`«iÀiÌiÀ ­«ćä°ääÇ®] >`> ÌÀi`v
relatively changed tendon displacements were seen in CTS patients. Changes were more 
VÛV}Üi
/-Ü>ÃV>ÃÃwi`>ÃÀiÃiÛiÀi°	>ÀÞ}ÃÌV`i}Ì`>}Ãi

/-ÃÜi`>ÃiÃÌÛÌÞvÇä¯>`Ã«iVwVÌÞvnäÌn{¯°VVÕÃ]
/-«>ÌiÌÃ
have altered dynamics of structures within the carpal tunnel. 
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INTRODUCTION
Carpal tunnel syndrome (CTS) is the most commonly diagnosed compression neuropathy 
of the median nerve (MN), with an incidence of 3 to 4% in most epidemiological surveys.1,2 
/i VV>
/-`>}ÃÃ Ã }iiÀ>Þ VwÀi`ÜÌ iÀÛi V`ÕVÌ ÃÌÕ`iÃ ­ 
-®°
ÜiÛiÀ] 
-V>Liv>Ãii}>ÌÛi>Ã}wV>ÌÕLiÀv«>ÌiÌÃ°3-5 Moreover, NCS 
w`}Ã>ÀiÌÃÌÀ}ÞVÀÀi>Ìi`ÜÌVV>ÃiÛiÀÌÞ>`ÌÀi>ÌiÌÕÌVi]3 leaving 
room for improvement of tools to diagnose CTS and to predict which patients respond 
best to which treatment.
 1ÌÀ>ÃÕ` >Ã }>i` ÌiÀiÃÌ >Ã > `>}ÃÌV Ì Ì VwÀ VV>Þ ÃÕÃ«iVÌi`
CTS. Changes of the MN, tendon and surrounding subsynovial connective tissue (SSCT) 
dynamics have been found and these can be visualized using, amongst others, ultrasound. 
ƂÃ > >}} Ì] ÕÌÀ>ÃÕ`>Ã ÃiÛiÀ> >`Û>Ì>}iÃ] VÕ`} ÌÃ Ü VÃÌ] «>iÃÃ
>««V>Ì>`ÌÃV>«>LÌÞv`iÌiVÌ}Õ`iÀÞ}«>Ì}Þ°>``Ì]ÕÌÀ>ÃÕ`Ã
often already used in staging associated disorders like rheumatoid arthritis.6-9
 Static ultrasound imaging has been used predominantly to study CTS. Differences 
between CTS patients and controls for area and circularity of the MN are frequently found. 
The MN area has proven to be strongly correlated with NCS results, and has shown similar 
Ã«iVwVÌÞ>`ÃiÃÌÛÌÞ>Ã 
-VwÀ}Ìi`>}ÃÃv
/-°10-13 
 Dynamic ultrasound imaging, whereby alterations of shape and displacement of the 
structures in the carpal tunnel were measured during motion, have also been investigated 
to detect potential biomechanical changes in CTS patients.£{£Ç Decreased longitudinal 
MN displacement, altered transverse MN motion and changed longitudinal tendon 
displacement have been found in CTS patients when comparing the most affected side 
with the least affected side.15,18,19
  Ìi «ÀiÃiÌ ÃÌÕ`Þ] Üi >>ÞÃi` V>À«> ÌÕi ÃÌÀÕVÌÕÀiÃ  Ìi }ÌÕ`> >`
transverse planes using both dynamic ultrasound scans and static ultrasound images, and 
VÀÀi>Ìi` ÌiÃi ÀiÃÕÌÃ Ì Ìi VV> >` 
-V>ÃÃwi` ÃiÛiÀÌÞv
/-° ÛiÃÌ}>Ì}
both static and dynamic measurements can add knowledge on dynamical changes of 
carpal tunnel structures in CTS patients. This may help to develop a diagnostic tool that 
>Ã>}ÃiÃÌÛÌÞ>`Ã«iVwVÌÞÌ` >}Ãi
/-°/ÃÌÕ`ÞÌÃ]>«ÀÃ«iVÌÛiÃÌÕ`ÞÜ>Ã
Õ`iÀÌ>iVÀÀi>Ì}ÌiÃiÛiÀÌÞv
/-L>Ãi`VV>>` 
-V>ÃÃwV>ÌÃÜÌ
static and dynamic multidimensional ultrasound imaging measurements. 
METHODS
/ÃÃ>Üi`iÃ}i`V>ÃiVÌÀÃÌÕ`Þ­iÛiiÛ`iVi®°/ii`V>ÌVÃ
ÌÌii
­/
®vÀ>ÃÕÃi`V>
iÌÀi>`Ìi>Þ
VÃÌÌÕÌ>,iÛiÜ	>À`­,	®>Ûi
approved this research. We obtained written informed consent from all study participants. 
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À`iÀÌ>Ì>«>ÌiÌVw`iÌ>ÌÞ]>`VÃÃÌiÌÜÌÌii`V>iÌVÃ>`,	
>««ÀÛ>Ã]ÃiÞ`i`iÌwi`>}iwiÃ>``>Ì>ÃiÌÃÜiÀiÃ>Ài`LiÌÜiiÃÌÌÕÌÃ°
Subjects
Controls and patients were included from the Erasmus Medical Centre (Rotterdam, the 
 iÌiÀ>`Ã®>`>Þ
V­,ViÃÌiÀ] ]1-Ƃ®°/iÃ>«iÃâiÜ>Ã`iÌiÀi`LÞ
a power calculation. Based on previously published data whereby the same methods were 
used and based on pilot data,15,16 we estimated a standard deviation of MN area results 
to be 3.3 mm2 and an expected delta of 3.4 mm2. For the longitudinal MN displacement 
results we estimated a standard deviation of 1.35 mm and an expected delta of 1.1 mm. 
Next, taking into account that the study group would be subdivided in 5 different clinical 
or NCS classes, and assuming similarity in our data with previously published data and pilot 
`>Ì>]>Ã>«iÃâiv£ÓÃÌÕ`ÞÃÕLiVÌÃÀÀiÜÕ`«ÀÛ`i>nä¯«ÜiÀÌ`iÌiVÌ
differences with an α of 0.05 and a β of 0.20.
 ƂVÌÀÃ>`VV>Ã}ÃÀÃÞ«ÌÃv
/->`«>ÌiÌÃ>`ÃÞ«ÌÃv
/-
as determined by a neurologist, neurosurgeon, orthopaedic surgeon or plastic surgeon. 

ÌÀÃ>`«>ÌiÌÃwi`Ìi	ÃÌ
>À«>/Õi+ÕiÃÌ>Ài­	
/+®]>`ÜiÀi
V>ÃÃwi` >VVÀ`} Ì > Û>`>Ìi` VV> V>ÃÃwV>Ì°20,21 /i VV> V>ÃÃwV>Ì
Ü>ÃL>Ãi`ÌiÃÌÀV>LiVÌÛi­"L®ÃV>i°20Ƃ«>ÌiÌÃÕ`iÀÜiÌ> 
-ÌiÃÌ
and results were graded according to the criteria of Padua et al.22 Reference values of 
Buschbacher et al. were used for the assessment of NCS results.23
 
/-«>ÌiÌÃ]ÞÌiÃÌ>vviVÌi`Ã`iÜ>ÃVÕ`i`]ÜVÜ>ÃL>Ãi`«À>ÀÞ
Ìi"LÃV>i>` 
-V>ÃÃwV>Ì°vVVÕÃÛi]Ìi	
/+ÃVÀiÜ>Ã`iVÃÛi°
ÌiVÌÀ}ÀÕ«]>ÌÀ>`]ÌiÀ}ÌÀivÌ>`Ü>ÃVÕ`i`°-ÕLiVÌÃÜiÀiiÝVÕ`i`
if they had a medical history of upper extremity surgery, other peripheral nerve pathology 
or fractures of the hand or wrist. 
%NKPKECNENCUUKƂECVKQP
/i"LÃVÀiÀ>ÌiÃÃÞ«ÌÃ>ÃiÌiÀ\
1. No CTS if patients had no CTS symptoms; 
2. Minimal CTS if patients had nocturnal paraesthesia in the MN distribution (numbness, 
tingling, pain, burning);
3. Mild CTS if patients had nocturnal and diurnal paraesthesia in the MN distribution;
4. `iÀ>Ìi
/-v«>ÌiÌÃ>`ÃiÃÀÞ`iwVÌÌi `ÃÌÀLÕÌvÌi>`Æ
5. -iÛiÀiÌiÝÌÀii
/-v«>ÌiÌÃ>`>ÌÀ` iwVÌ]Þ«ÌÀ«ÞvÌi iÀÛ>Ìi`
muscles of the hand or severe impaired motor function of the by the MN innervated 
thenar muscles.
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The BCTQ
/i 	
/+ Ã > Û>`>Ìi` «>ÌiÌÀiÌ>Ìi` µÕiÃÌ>Ài° /i 	
/+ iÛ>Õ>ÌiÃ 
/-
symptoms, assessed by 11 questions, and function, assessed by 8 questions.21 Each item 
includes 5 possible responses, and the score is calculated as the mean of the responses of 
the individual items. 
0%5ENCUUKƂECVKQP
Ƃ«>ÌiÌÃÕ`iÀÜiÌ 
->ÌiÌÀÞÌÌiÃÌÕ`ÞÕÃ}Ìi6}-iiVÌÀ6}8
>Vi­
>ÀiÕÃ]->i}­
Ƃ®]1-Ƃ®°ƂÃ`iÃVÀLi`Ìi}Õ`iiÃvÌi
ƂiÀV>ƂÃÃV>ÌviVÌÀ`>}ÃÌVi`ViÆÀ}iiVÌÀ`iÃV>Ìi``}ÌÃ{]£
and 3 were used for recording sensory latency, velocity and sensory nerve action potential 
amplitude, and surface electrodes for recording the distal motor latency (DML), velocity in 
the forearm and compound muscle action potential amplitude from the abductor pollicis 
brevis muscle.24
1. No CTS (i.e., normal sensory and motor responses);
2. Minimal CTS (i.e., abnormal segmental test (third digit to palm/palm to wrist ratio of <1) 
À>`ÃÌ>ÃiÃÀÞ>ÌiVÞ`vviÀiVivĈä°xLiÌÜiiÌiÕ>À>`i`>iÀÛi]>`
normal MN sensory nerve conduction velocity (SNCV) and normal DML);
3. Mild CTS (i.e., abnormal MN SNCV (<40 ms), normal DML);
4. `iÀ>Ìi
/-­>LÀ> - 
6]>LÀ>­Ĉ{°ÇÃvÀi>`Ĉ{°{ÃvÀ
women));
5. Severe or extreme CTS (absence of median sensory response, abnormal DML or total 
absence of motor responses). 
Ultrasound measurement protocol
-ÕLiVÌÃÜiÀiÃi>Ìi`ÜÌÌi>À«ÃÌi`>Ì>Li°/i>ÀÜ>ÃÃÕ«>Ìi`]iLÜ
Ã}ÌÞyiÝi` £Óä`i}ÀiiÃ]>`ÌiÜÀÃÌ iÕÌÀ>«ÃÌ°-ÕLiVÌÃÜiÀi>Ãi`Ì
yiÝÌiÀw}iÀÃnÃiV`ÃÕÌÌiÌ«vÌiÀw}iÀÃÌÕVi`Ìi«>vÌi>`°
}vÀiµÕiVÞÕÌÀ>ÃÕ`ÃV>ÃÜiÀi>`i Ìi }ÌÕ`>>`ÌÀ>ÃÛiÀÃi«>iv
Ìi ] Ìi yiÝÀ `}ÌÀÕ ÃÕ«iÀwV>Ã Ìi` v Ìi``i w}iÀ ­-Î® >` Ìi
yiÝÀ`}ÌÀÕ«ÀvÕ`ÕÃÌi`vÌi``iw}iÀ­*Î®ÜÌÃÕÀÀÕ`}ÌÃÃÕi°7i
used the Philips iU22 and iU33 machines (Philips Electronics, Best, the Netherlands) with 
ÀiÃ«iVÌÛiÞ>x£Óâi>À>ÀÀ>ÞÌÀ>Ã`ÕViÀ>`>Ç£xâi>À>ÀÀ>ÞÌÀ>Ã`ÕViÀ°/i
transducer was placed at the distal wrist crease at the level of the inlet of the carpal tunnel, 
ÜVÜ>Ã`iÌwi`LÞÌi«ÃvÀLi>`ÌiÃV>«`ÌÕLiÀVi°ƂÌÀ>i`«ÞÃV>
­Ƃ®ÜÌiÝ«iÀiViÕÃVÕÃiiÌ>ÕÌÀ>ÃÕ`vÌiÕ««iÀiÝÌÀiÌÞ``>>}}
at both institutions.
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Data processing
Analysis of longitudinal plane ultrasound scans
The process of data analysis to calculate longitudinal displacement of the structures 
within the carpal tunnel has been described previously.25LÀiv]ÕÌÀ>ÃÕ`>}iÃÜiÀi
iÝ«ÀÌi`>ÃÕV«ÀiÃÃi`ƂÕ`6`i ÌiÀi>Ûi ­Ƃ6®wiÃÕÃ}"ÃÀ8 ­ÛiÀÃ{°£°Ó
È{LÌ]ÌÌ«\ÉÉÃÀÝÛiÜiÀ°V®°/iÕV«ÀiÃÃi`Ƃ6½ÃÜiÀiiÝ«ÀÌi`Ì>`>>ÞÃi`
with a validated in-house developed Matlab-based speckle-tracking algorithm (Version 
Óä££>]/i>Ì7ÀÃV°] >ÌV­Ƃ®]1-Ƃ®°25ÌiwÀÃÌvÀ>ivÌiÃV>>Ài}v
interest was placed within the structure to be measured and the speckle-tracking program 
V>VÕ>Ìi`ÌiÌÌ>`Ã«>ViiÌvÌÃÃÌÀÕVÌÕÀi­}ÕÀi£Ƃ
®°/ivÜ}«>À>iÌiÀÃ
were calculated: displacement of the MN, FDS3 tendon, FDP3 tendon and the tissue 
­--
/®ÃÕÀÀÕ`}i>VvÌiÃiÃÌÀÕVÌÕÀiÃ°>``Ì]ÌÀ>âi`>Ì>]`Ã«>ViiÌ
ratios of the MN and tendons were calculated. 
Figure 1A-C. Placement of the region of 
ÌiÀiÃÌ­,"®vÀ
A. The MN with SSCT. 
B. The FDS3 tendon with SSCT. 
C. The FDP3 tendon with SSCT.
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Analysis of transverse plane ultrasound scans
The process of data analysis to calculate shape and transverse plane displacement 
parameters of the MN, FDS3 tendon and FDP3 tendon has been described previously.14 
	ÀiyÞ]>ÕÃi`iÛi«i`>Ì>LL>Ãi`>}i«ÀViÃÃ}ÃvÌÜ>Ài«À}À>­6iÀÃ
Óä££>]/i>Ì7ÀÃV°] >ÌV­Ƃ®]1-Ƃ®Ü>ÃÕÃi`°*Þ}ÃÜiÀi«>Vi`>Õ>Þ
ÌiÕÌÃ`iLÀ`iÀvÌi ]-ÎÌi`>`*ÎÌi`£ävÀ>iÃvÌiƂ6
wi­}ÕÀiÓƂ	®°ÀÌi«Þ}Ã]ÌivÜ}ÕÌVi«>À>iÌiÀÃÜiÀiV>VÕ>Ìi`\
area, perimeter, circularity, area deformation ratio, perimeter deformation ratio, circularity 
`ivÀ>ÌÀ>Ì]>`ViÌiÀv>ÃÃ ­
®°/i`ivÀ>ÌÀ>ÌÜ>Ã`iwi`>ÃÌi
Û>ÕiÌiw>«ÃÌ`Û`i`LÞÌiÛ>ÕivÌiÌ>«ÃÌ°/À>ÃÛiÀÃii`«Ì
displacement of the MN and tendons were based on CoM calculations.14
Figure 2A-B. A. Ƃ ÌÀ>ÃÛiÀÃi «>i ÕÌÀ>ÃÕ`
image at the carpal tunnel inlet of a CTS patient 
`ÕÀ}iÝÌiÃv>w}iÀÃ°B. Manually placed 
polygons on the outside border of the MN, FDS3 
tendon and FDP3 tendon. 
Statistical analysis
The test-retest reliability of the longitudinal ultrasound measurements was calculated. 
To do so, the MN, tendons and surrounding SSCT were imaged twice, converted and 
analysed separately by the same investigator. Following the guidelines of Wolak et al., 
Üi>>ÞÃi`Ài«i>Ìi`i>ÃÕÀiÃvi>VÃÌÀÕVÌÕÀixäÃÕLiVÌÃ]L>Ãi`>iÝ«iVÌi`
iÝViiÌÌÀ>V>ÃÃVÀÀi>ÌVivwViÌ­

®vä°nä°26/i

À>`Ýi``i
with absolute agreement was used. No test-retest reliability was calculated for transverse 
ultrasound measurements, since the test-retest reliability for the transverse ultrasound 
>}}>ÃLiiÀi«ÀÌi`«ÀiÛÕÃÞÌLi>««ÀÝ>ÌiÞä°ÇxvÀÃ>«ii>ÃÕÀiiÌÃ
and 0.85 for displacement measurements of the MN and tendons.£{]ÓÇ
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 /V«>Ài}ÀÕ«V>À>VÌiÀÃÌVÃ­°i°]}i`iÀ]>}i]L`Þ>ÃÃ`iÝ­	®>`>`
side) of the controls and CTS patients, we used the unpaired T-test for continuous data 
>`
ÃµÕ>Ài`ÌiÃÌvÀL>`>Ì>° iÝÌ]
/-«>ÌiÌÃÜiÀiV>ÃÃwi`>VVÀ`}Ì
ÌiVV>>` 
-V>ÃÃwV>Ì°/iiÜ>ÞƂ "6ƂÜÌ	viÀÀVÀÀiVÌÜ>Ã
used to analyse potential differences for the various ultrasound measurements between 
Ìi`vviÀiÌV>ÃÃiÃv
/-ÃiÛiÀÌÞL>Ãi`ÌiVV>>` 
-V>ÃÃwV>Ì°Ƃ«Û>Õi
vä°äxÜ>ÃVÃ`iÀi`Ã}wV>Ì°
 To predict diagnostic value of ultrasound for CTS, we applied binary logistic regression 
modelling with stepwise elimination using the maximum-likelihood function. Two models 
ÜiÀi` iwi`Æ`iiÌiVV>V>ÃÃwV>ÌÜ>ÃÌi` i«i`iÌÛ>À>Li>`Ìi
ÃiV``iÌi 
-V>ÃÃwV>ÌÜ>ÃÌi`i«i`iÌÛ>À>Li°ƂÃÌ>ÌÃÌV>>>ÞÃiÃ
ÜiÀi «iÀvÀi` ÕÃ} Ìi -Ì>ÌÃÌV> *>V>}i vÀ -V> -ViVi ÃvÌÜ>Ài ÛiÀÃ £Ç°ä
­-*--]
V>}­®]1-Ƃ®°
RESULTS 
/i >ÀÌÞ v VÌÀÃ >` 
/- «>ÌiÌÃ ­Ó VÌÀÃ ­È¯® >` ä «>ÌiÌÃ ­nä¯®
respectively) were recruited and imaged at the Erasmus Medical Centre; 13 controls (31%) 
and 23 patients (20%) were included at the Mayo Clinic. The control and patient group 
characteristics are shown in Table 1. Except for the hand side, no differences existed 
between groups. 
Controls (N=42) Patients (N=113) P-value
i`iÀ­i>i® ÎÓ­ÇÈ¯® nÓ­ÇÎ¯® ä°ÇÓ
Ƃ}i 46.3 (SD 11.3) 40.0 (SD 12.1) 0.088
	 28.0 (SD 8.2) Ó°Ç­-x°x® 0.066
Right hand included 36 (86%) Çn­È¯® 0.036
%NKPKECNENCUUKƂECVKQP
- no CTS 42 (100%)
- minimal CTS 13 (12%)
- mild CTS 66 (58%)
- moderate CTS 28 (25%)
- severe CTS 6 (5%)
0%5ENCUUKƂECVKQP
- no CTS 42 (100%) £­£Ç¯®
- minimal CTS 22 (19%)
- mild CTS 24 (20%)
- moderate CTS 29 (26%)
- severe CTS £­£Ç¯®
Table 1 Study group characteristics. 
ƂLLÀiÛ>ÌÃ\ rÕLiÀÆ-rÃÌ>`>À``iÛ>ÌÆ	rL`Þ>ÃÃ`iÝ°
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Ultrasound measurement of longitudinal displacements
/iÌiÃÌÀiÌiÃÌ

ÃvÀÌi`Ã«>ViiÌvÌi ­

rä°nÎ®>`ÌÃÃÕÀÀÕ`}ÌÃÃÕi
­

rä°{®] Ìi-ÎÌi` ­

rä°Çä®>` ÌÃÃÕÀÀÕ`}ÌÃÃÕi ­

rä°ÇÎ®]>`Ìi
*ÎÌi` ­

rä°nx®>` ÌÃÃÕÀÀÕ`}--
/ ­

rä°Èn®ÜiÀi`iÀ>ÌiÌ}`]
with the repeatability of the surrounding SSCT measures being lower than for the tendons 
and nerves, except for the SSCT surrounding the FDS3 tendon. 
 iÃÃ   `Ã«>ViiÌ Ü>Ã Ãii  «>ÌiÌÃ VV>Þ V>ÃÃwi` >Ã >Û} ` À
`iÀ>Ìi
/-­«ćä°ä£®V«>Ài`ÌÌiVÌÀ}ÀÕ«­/>LiÓ®°iÃÃ `Ã«>ViiÌ
was also seen in patients having moderate and severe CTS according to the NCS 
V>ÃÃwV>ÌÃÞÃÌi­«ćä°ää£®V«>Ài`ÌÌiVÌÀ}ÀÕ«>`Ìi«>ÌiÌÃÜÌ> 
-
result negative for CTS (Table 3). No differences in displacements were found between 
controls and CTS patients for the FDS3 tendon, FDP3 tendon or the SSCT surrounding the 
nerve and tendons.
Controls Minimal CTS Mild CTS Moderate CTS Severe CTS
Longitudinal plane 
-ÕLiVÌÃ­ ® 42 13 66 28 6
MN displacement (mm) 4.1
SD 1.9
3.9 
SD 1.2
3.1 
SD 1.6
Ó°Ç
SD 1.5
3.1
SD 1.5
Transverse plane
-ÕLiVÌÃ­ ®
MN area (mm2)
42
9.6 
SD 2.3
13
9.4 
-Ó°Ç
xÇI
13.6
SD 4.5
ÓÇI
14.1 
SD 5.8
6
15.9
SD 3.2
MN perimeter (mm) 15.4 
SD 2.6
14.4 
SD 2.9
£Ç°x
SD 3.1
£Ç°Ó
SD 3.6
19.1
-Ó°Ç
Circularity ratio 1.14 
SD 0.24
0.99 
SD 0.16
1.02
SD 0.14
1.04
SD 0.12
1.04
SD 0.10
Perimeter ratio 0.94 
SD 0.11
0.99 
SD 0.12
1.00 
SD 0.10
0.99
SD 0.08
0.96
SD 0.06
Table 2 Ã«>Þi`>ÀiÌiÕÌÀ>ÃÕ`«>À>iÌiÀÃÌ>ÌÜiÀiÃ}wV>ÌÞ` vviÀiÌLiÌÜiiVÌÀÃ>`
clinically graded CTS patients. *Transverse ultrasound data is missing in 9 patients with mild CTS and 
1 patient with moderate CTS. 
ƂLLÀiÛ>ÌÃ\ rÕLiÀÆ-rÃÌ>`>À``iÛ>Ì°
When analysing the ratios of the MN to FDS3 tendon and FDS3 to FDP3 tendon, a trend 
of decreasing MN to FDS3 tendon ratios and increasing FDS3 to FDP3 tendon ratios was 
LÃiÀÛi`ÜÌ VÀi>Ã} ÃiÛiÀÌÞ v Ìi
/- ­}ÕÀi ÎƂ	] }ÕÀi {Ƃ	] />Li -£ >`
Table S-2).
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Figure 3A-B MN to FDS3 tendon ratio based on the longitudinal displacement of these structures. 
-}wV>Ì`vviÀiViÃ>Ài`iÌwi`ÜÌVÀÀiÃ«`}«Û>ÕiÃ° A. Clinically graded CTS patients. 
B°
/-«>ÌiÌÃ}À>`i`>VVÀ`}ÌÌi 
-V>ÃÃwV>Ì°"ÕÌiÀÃ>Ài`Ã«>Þi`>Ã`ÌÃ°
Figure 4A-B FDS3 to FDP3 tendon ratio based on the longitudinal displacement of these structures. 
-}wV>Ì`vviÀiViÃ>Ài`iÌwi`ÜÌVÀÀiÃ«`}«Û>ÕiÃ° A. Clinically graded CTS patients. 
B°
/-«>ÌiÌÃ}À>`i`>VVÀ`}ÌÌi 
-V>ÃÃwV>Ì°"ÕÌiÀÃ>Ài`Ã«>Þi`>Ã`ÌÃ°
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Controls or 
no CTS 
Minimal 
CTS
Mild 
CTS 
Moderate 
CTS
Severe 
CTS
Longitudinal displacement (mm)
-ÕLiVÌÃ­ ®
MN 
Surrounding SSCT
42
4.1 (SD 1.9)
2.3 (SD 2.2)
13
3.9 (SD 1.2)
2.0 (SD 1.1)
66
3.1 (SD 1.6)
1.5 (SD 1.1)
28
Ó°Ç­-£°x®
1.8 (SD 1.3)
6
3.1 (SD 1.5)
1.4 (SD 1.2)
FDS3
Surrounding SSCT
14.3 (SD 4.3)
Ç°È­-x°{®
££°Ç­-Î°Î®
6.6 (SD 3.5)
£x°£­-{°Ç®
8.9 (SD 5.3)
14.8 (SD 5.5)
Ç°Ç­-È°£®
15.9 (SD 3.2) 
6.2 (SD 3.3)
FDP3
Surrounding SSCT
ÓÈ°Ç­-x°x®
24.3 (SD 5.4)
ÓÈ°Ç­-x°{®
Óx°{­-Ç°ä®
24.6 (SD 5.3)
23.4 (SD 5.2)
25.1 (SD 3.8)
23.6 (SD 6.0)
Óx°n­-x°Ç®
25.9 (SD 5.8) 
Table S1 Longitudinal displacement of the MN, FDS3 tendon, FDP3 tendon and surrounding SSCT of 
the controls and clinically graded CTS patients. 
ƂLLÀiÛ>ÌÃ\ rÕLiÀÆ-rÃÌ>`>À``iÛ>Ì°
Controls or 
no CTS Minimal CTS Mild CTS 
Moderate 
CTS Severe CTS
Longitudinal displacement (mm)
-ÕLiVÌÃ­ ®
MN
Surrounding SSCT
61
4.1 (SD 1.8)
2.2 (SD 2.0)
22
3.1 (SD 1.5)
1.9 (SD 1.4)
24
Î°{­-£°Ç®
£°Ç­-£°ä®
29
2.6 (SD 1.4)
1.4 (SD 1.1)
19
2.4 (SD 1.0)
1.5 (SD 1.2)
FDS3
Surrounding SSCT
£{°Ç­-{°x®
8.5 (SD 5.8)
14.0 (SD 4.1)
Ç°x­-{°È®
12.9 (SD 4.6)
8.0 (SD 5.8)
15.2 (SD 5.2)
n°Î­-{°Ç®
16.4 (SD 4.6)
6.9 (SD 4.8) 
FDP3
Surrounding SSCT
ÓÈ°Ç­-x°ä®
24.5 (SD 5.3)
25.3 (SD 4.2)
23.8 (SD 4.1)
2.36 (SD 5.2)
23.0 (SD 6.6)
25.5 (SD 5.6)
24.8 (SD 6.1)
24.2 (SD 5.3) 
ÓÓ°Ç­-x°®
Table S2 Longitudinal displacement of the MN, FDS3 tendon, FDP3 tendon and surrounding SSCT of 
ÌiVÌÀÃ>`
/-«>ÌiÌÃ}À>`i`>VVÀ`}ÌÌi 
-V>ÃÃwV>Ì°
ƂLLÀiÛ>ÌÃ\ rÕLiÀÆ-rÃÌ>`>À``iÛ>Ì°
Measurements of the transverse plane ultrasound imaging 
VÀi>Ãi`  >Ài> Ü>Ã vÕ` vÀ «>ÌiÌÃ ÜÌ VV>Þ V>ÃÃwi`` Ì ÃiÛiÀi 
/-
­«ćä°ääÈ® >` `iÀ>Ìi Ì ÃiÛiÀi 
/- ­«ä°ää£® >VVÀ`} Ì Ìi VV> >`  
-
V>ÃÃwV>ÌV«>Ài`ÌVÌÀÃÀ«>ÌiÌÃÜÌ 
-ÀiÃÕÌÃi}>ÌÛivÀ
/-­/>LiÓ 
>`Î®° /i«iÀiÌiÀÜ>Ã VÀi>Ãi` «>ÌiÌÃ VV>Þ V>ÃÃwi`>Ã >Û}`
/-
­«ćä°ääÇ®>`«>ÌiÌÃÜÌ`iÀ>ÌiÌÃiÛiÀi
/->VVÀ`}ÌÌi 
-V>ÃÃwV>Ì
(p<0.001) compared to controls or patients with NCS results negative for CTS. No 
Ã}wV>Ì `vviÀiViÃ ÜiÀi vÕ` LiÌÜii }ÀÕ«Ã vÀ VÀVÕ>ÀÌÞ L>Ãi`  iÌiÀ Ìi
VV>V>ÃÃwV>ÌÀÌi 
-V>ÃÃwV>Ì°ƂÃ}wV>ÌÞ`iVÀi>Ãi` VÀVÕ>ÀÌÞ>`
«iÀiÌiÀÀ>ÌÜ>ÃvÕ`«>ÌiÌÃÜÌVV>Þ}À>`i``
/-­«ćä°ä£®°*>ÌiÌÃ
ÜÌ > 
/- >` > Ã}wV>ÌÞ Ã>iÀ VÀVÕ>ÀÌÞ À>Ì ­«rä°ä£{®°   Ã}wV>Ì
difference was found between controls and CTS patients for displacement of the MN or 
Ìi`ÃÌiÌÀ>ÃÛiÀÃi«>i­}ÕÀixƂ®°
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Figure 5A-D Transverse displacement in millimeters in the x (radio-ulnar) and y (palmar-dorsal) 
plane of the MN relative to the FDS3 tendon and the FDS3 tendon relative to the FDP3 tendon. 
A-B. Clinically graded CTS patients. C-D°
/-«>ÌiÌÃ}À>`i`>VVÀ`}ÌÌi 
-V>ÃÃwV>Ì°
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8
Controls or 
no CTS 
Minimal 
CTS
Mild 
CTS 
Moderate 
CTS
Severe 
CTS
Longitudinal plane 
-ÕLiVÌÃ­ ® 61 22 24 29 19
MN displacement (mm) 4.1
SD 1.8
3.1 
SD 1.5
3.4 
-£°Ç
2.6 
SD 1.4
2.4
SD 1.0 
Transverse plane
-ÕLiVÌÃ­ ®
MN area (mm2)
60*
10.0 
SD 2.4
19*
11.4 
SD 4.0
24
££°Ç
SD 3.6
25*
15.4
SD 4.6
£ÇI
£Ç°È
SD 5.8
MN perimeter (mm) 15.5 
SD 2.5
£x°Ç
SD 2.6
16.0 
-Ó°Ç
18.5
SD 3.4
£°Ç
SD 3.8
Circularity ratio 1.11 
SD 0.22
0.96 
SD 0.15
1.06
SD 0.14
1.04
SD 0.13
0.99
SD 0.11
Perimeter ratio 0.95 
SD 0.10
1.01
SD 0.11
0.98 
SD 0.11
1.00
SD 0.08
1.02
SD 0.06
Table 31ÌÀ>ÃÕ`«>À>iÌiÀÃÌ>ÌÃÜi`Ã}wV>ÌÞ`vviÀiÌÀiÃÕÌÃLiÌÜiiVÌÀÃ>`
/-
«>ÌiÌÃ}À>`i`>VVÀ`}ÌÌi 
-V>ÃÃwV>Ì°I/À>ÃÛiÀÃiÕÌÀ>ÃÕ``>Ì>>ÀiÃÃ}i
«>ÌiÌÜÌ
/->VVÀ`}ÌÌi 
-V>ÃÃwV>Ì]Î«>ÌiÌÃÜÌ>
/-]{«>ÌiÌÃÜÌ
moderate CTS and 2 patients with severe CTS. ƂLLÀiÛ>ÌÃ\ rÕLiÀÆ-rÃÌ>`>À``iÛ>Ì°
β SE EXP (β) 95% CI p-value
Model 1
MN displacement (mm)
FDP3 displacement (mm)
FDP3/FDS3 ratio
ƂÀi>­2)
Circularity ratio
Perimeter ratio
Transverse displacement MN (mm)
Constant
-1.94
-0.94
2.09
0.45
1.95
È°Çx
-0.03
£ä°Ç£
1.39
0.48
1.52
0.10
1.69
3.04
0.2
4.85
0.14
0.39
8.10
£°xÇ
Ç°ä{
850.60
ä°Ç
0.01-2.18
0.15-1.00
0.41-160.32
1.30-1.90
ä°ÓÈ£Ó°Ç
Ó°ÓäÎÓÎx{°xÇ
0.94-1.01
0.162
0.051
ä°£Çä
<0.001
0.248
0.026
0.088
ä°äÓÇ
Model 2
MN displacement (mm)
FDS3 displacement (mm)
FDS3/FDP3 ratio
ƂÀi> ­2)
Circularity 
Circularity ratio
Perimeter ratio
Transverse displacement MN (mm)
Transverse displacement FDS3 (mm)
Constant
-1.42
-1.94
4.23
0.33
Ó°xÇ
4.46
Ç°ÈÓ
-.0.03
0.03
-18.43
1.45
0.80
2.02
ä°äÇ
2.44
1.93
3.15
0.02
0.02
5.46
0.24
0.14
68.93
1.39
13.01
86.41
2031.11
ä°Ç
1.03
0.01-4.14
0.03-0.69
1.33-3584.36
1.21-1.60
ä°£££xÎn°ÇÇ
£°ÈÎn££°äÇ
{°ÓÎÇÈ£È°ÎÇ
0.94-1.00
ä°£°äÇ
0.328
0.015
0.036
<0.001
0.292
0.021
0.016
0.081
0.159
0.002
Table 4 Binary logistic modelling to predict the diagnostic value. Explanatory variables included in the 
logistic model. Model 1: clinical symptoms as the dependent variable. Model 2: NCS results as the 
`i«i`iÌÛ>À>Li°ƂLLÀiÛ>ÌÃ\βr`ÀiVÌ]-rÃÌ>`>À`iÀÀÀ]
rVw`iViÌiÀÛ>°
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Binary logistic regression modelling
To determine the associations between the ultrasound parameters and the clinical or NCS 
V>ÃÃwV>Ì] Üi iÛ>Õ>Ìi` ÌÜ `vviÀiÌ }ÃÌV Ài}ÀiÃÃ`iÃ ­/>Li {®°`i £
«Ài`VÌi` ÌiVV>Þ`>}Ãi`
/->`Ü>Ã vÕ` Ì>Ûi> ÃiÃÌÛÌÞvÇä¯>`
Ã«iVwVÌÞvn{¯°`iÓ«Ài`VÌi`Ìi 
-`>}Ãi`
/->`Ü>ÃvÕ`Ì>Ûi>
ÃiÃÌÛÌÞvÇä¯>`Ã«iVwVÌÞvnÈ¯°
DISCUSSION
ÌÃ«ÀÃ«iVÌÛiÃÌÕ`Þ]ÌiÃiÛiÀÌÞv
/-]L>Ãi`VV>>` 
-V>ÃÃwV>ÌÃ]Ü>Ã
compared with the results of static and dynamic multidimensional ultrasound imaging. The 
>w`}ÃÜiÀiÀi`ÕVi`}ÌÕ`>` Ã«>ViiÌvÌi >`VÀi>Ãi`>Ài>vÌi
MN. These changes became more pronounced when the severity of the CTS increased. 
When using binary logistic modelling, the diagnostic predictive value of ultrasound had a 
Çä¯ÃiÃÌÛÌÞ>`>n{¯Ã«iVwVÌÞÜÌVV>ÃÞ«ÌÃ>Ã`i«i`iÌÛ>À>Li>`>
Çä¯ÃiÃÌÛÌÞ>`>nÈ¯Ã«iVwVÌÞÜÌ 
-ÀiÃÕÌÃ>Ã`i«i`iÌÛ>À>Li°
 Changes in longitudinal displacement without changes in the transverse displacement 
were found for various structures within the carpal tunnel. Recently, decreased longitudinal 
displacement of the MN has been reported in CTS patients.15,19>``Ì]ÀÃÌ>iiÌ
al. demonstrated increased FDS3 tendon as well as decreased FDP3 tendon mobility in 
CTS patients when the most affected side was compared with the least affected side.15 We 
``Ìw`ÌiÃi`vviÀiViÃ]«ÃÃLÞLiV>ÕÃiv}Ài>ÌÌiÀÃÕLiVÌÛ>À>LÌÞ°ÜiÛiÀ]
Üi``w`>VÀi>Ãi`-ÎÌ*ÎÌi`À>Ì>`ÜiÃ>Ü>ÌÀi`v`iVÀi>Ãi
absolute FDP3 tendon displacement in combination with an increase in absolute FDS3 
Ìi` `Ã«>ViiÌ° /Ã >Þ Li Ìi ÀiÃÕÌ v wLÀÌV --
/ V>ÕÃ} Ìi Ìi`Ã Ì
>`iÀiÌi>VÌiÀ]ÀÌ>ÞLiÌ>Ì
/-«>ÌiÌÃyiÝÌiÀ>`Ã`vviÀiÌÞ°
  VÌÀ>ÃÌ Ì Ìi `iVÀi>Ãi` }ÌÕ`> ÛiiÌ v Ìi  ]  V>}i vÀ
transverse displacement was found in CTS patients. This reduced longitudinal motion 
without a combined decrease in transverse displacement could potentially be explained 
by the concept of a disconnected or ruptured SSCT in CTS patients.28vÌi--
/LiÌÜii
the tendon and MN is disconnected, the MN will not be pulled along by the tendons in 
the longitudinal plane and may move transversely towards all possible directions within 
ÌiV>À«>ÌÕiÀiÃ«ÃiÌÌi>ÌiÀÀÌvÌiÌi`ÃÜÌw}iÀyiÝ°18Ì
>Ã>ÃLiiÞ«ÌiÃâi`Ì>ÌÃi
/-«>ÌiÌÃÌi LiViÃÀi>ÌÛiÞwÝi`Ì
ÌiÌi`ÃLÞi>ÃvwLÀÃÃvÌi--
/]>ÌÕ}ÃÌvÌiÌi--
/LiÌÜiiÌi
 >`yiÝÀÌi`Ã>««i>ÀÃÌLiV«iÌiÞ`ÃÀÕ«Ìi`°28-31 Ìi«ÀiÃiÌÃÌÕ`Þ]ÌÜ
patients with mild and moderate CTS had MN movement, which was nearly simultaneously 
ÜÌÌi-ÎÌi`Ìi}ÌÕ`>«>i°/i Ì-ÎÌi`À>ÌÃÜiÀiä°ÇÎ
and 0.82, which was higher than in any of the controls (maximum MN to FDS3 tendon ratio 
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8
Ü>Ãä°Èx®°/Ã>ÞÃÕ}}iÃÌÌ>Ì>Ã>ÕLiÀv«>ÌiÌÃÌiwLÀÌV--
/ÀiÃÕÌÃ
wÝ>ÌvÌi ÌÌiÌi`Ã°
 ƂÌiÀi` VÀÃÃÃiVÌ>   >Ài> Ü>Ã Ìi LiÃÌ `ÃVÀ>ÌÀ LiÌÜii VÌÀÃ >`
CTS patients. Many studies have described that MN area is one of the most diagnostic 
measurements.10,11,13ÌÃÃÌÕ`Þ]ÜivÕ`Ì>ÌÌiÀÃ>«i«>À>iÌiÀÃ­i°}°]VÀVÕ>ÀÌÞ
ratio) changed as well in CTS patients, which may help to increase the diagnostic accuracy 
of ultrasound imaging. 
 ƂLÕÌÓä¯vÌi
/-«>ÌiÌÃ>`ÃÞ«ÌÃv
/-ÜÌ>i}>ÌÛi 
-ÌiÃÌÀiÃÕÌ°13 
7ÌÌ iÌ >° ÃÜi` Ì>Ì xä¯v
/-«>ÌiÌÃÜÌi}>ÌÛi 
-``>ÛiLiiwÌ vÀ
treatment and in 33% of the patients treatment had a negative effect.3 This illustrates the 
need for a more adequate diagnosis. Ultrasound could potentially be that new diagnostic 
tool. Various studies have found that in 16-34% of the CTS patients with negative NCS 
results static ultrasound measurement may be useful in diagnosing CTS.3,13,24 
 We found that multidimensional ultrasound measurements had approximately a 
ÃiÃÌÛÌÞvÇä¯>`Ã«iVwVÌÞvnx¯vÀ` >}Ã}
/-ÕÃ}VV>>` 
-ÕÌVi
>Ã > ÀiviÀiVi°ÜiÛiÀ]Üi`iÛi«} > iÜ Ì] VÃ} ÌiÃÌ >««À«À>Ìi
treatment may be the most important outcome measure. Therefore, future studies are 
needed to correlate ultrasound measurements to outcome after different interventions. 
 The strength of this study is that we included 42 controls and 113 CTS patients, 
subdivided based on CTS severity. Many ultrasound studies did not subdivide the study 
population into severity subgroups, did not include a control group or included control 
}ÀÕ«Ã Ì>Ì >` Ã}wV>Ì ÜiÀ 	] ÞÕ}iÀ >}iÃ À VÕ`i` LÌ >`Ã v i
ÃÕLiVÌ°£ä]££]£x£Ç]£]ÎÓ /iÃi >Ài > VvÕ`} v>VÌÀÃ Ì>Ì VÕ` yÕiVi ÀiÃÕÌÃ ­i°}°]
Ã>iÀ>Ài>ÃvÌi vÌiVÌÀ}ÀÕ«]Ài`ÕVi`ÃÌ>`>À``iÛ>ÌÃ®°ÕÀVÌÀ
}ÀÕ«}i`iÀ]	>`>}iÜiÀiÌÃÌ>ÌÃÌV>Þ`vviÀiÌ vÀÌi
/-«>ÌiÌ}ÀÕ«]
>ÌÕ}] ÌiÀiÜ>Ã> ÌÀi`v`iVÀi>Ãi`	>` VÀi>Ãi`>}i  ÌiVÌÀ}ÀÕ«°
Whether this may have affected our results is questionable; a positive correlation between 
	>` >Ài>>ÃLiiÀi«ÀÌi`LÞiÃÌÕ`ÞÜiÌiÀÃvÕ`i°33-35 Regarding 
age, a positive correlation with MN area has been found.33ÜiÛiÀ] ÃVi Ìi>ÛiÀ>}i
age of the control group was higher than that of the CTS patient group this may have only 
underestimated the differences of MN area between controls and patients. 
 "ÕÀ ÃÌÕ`Þ >Ã ÃiÛiÀ> Ì>ÌÃ° ÀÃÌ] ÌiÀi ÜiÀi Ã}wV>ÌÞ Ài À}Ì >`Ã
VÕ`i`  ÌiVÌÀ}ÀÕ«°ÜiÛiÀ]ÕÃiÌ>° vÕ` Ì>Ì ÌiÀiÜ>Ã`vviÀiVi
LiÌÜiiÌiÀ}Ì>`ivÌÃ`iÜÌÌiÃ>iÃÕLiVÌÜi>««Þ}ÌÀ>ÃÛiÀÃi«>i
ultrasound scans.14-iV`]ÌiÃÌÀiÌiÃÌ

vÀÌi}ÌÕ`>`Ã«>ViiÌÀiÃÕÌÃvÌi
MN, tendons and SSCT were not all found to be excellent,36 which should be considered 
when interpreting the ultrasound results. Partly, small speckle tracking errors may have 
>vviVÌi` ÀiÃÕÌÃ° ÜiÛiÀ] Ài iÞ] ÀiÃÕÌÃ >Þ >Ûi Lii >vviVÌi` LÞ `vviÀiViÃ
between consecutive recording due to, for example, subtle changes in the amount of 
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w}iÀ yiÝv Ìi ÃÕLiVÌ] `vviÀiVi  ÀiVÀ`} V>ÌÃ >``vviÀiViÃ  >}i
µÕ>ÌÞ°i>ÃÕÀ}w}iÀÛiiÌiÝÛÛ>Þ«>ÀÌÞÃÛiÌÃÃÃÕi°/À`]ÌiÌÀ>ÃÛiÀÃi
ÕÌÀ>ÃÕ`>}iÃvÌi«>ÌiÌÃ>Vi`°ÕiÌ,	Ài}Õ>ÌÃ]ÌiÌÀ>ÃÛiÀÃiÕÌÀ>ÃÕ`
>}}Ü>Ã>««ÀÛi`>vÌiÀ>««ÀÛ>vÌi}ÌÕ`>ÕÌÀ>ÃÕ`>}}°ÜiÛiÀ]ÌÃ
ÕiÞÌ>ÌÌÃ>Ã>vviVÌi`ÕÀÀiÃÕÌÃÃViÌi>ÀÌÞvÌiÃi«>ÌiÌÃÜiÀiV>ÃÃwi`
as having mild and moderate CTS, which were relatively the largest subgroups. Lastly, 
3D displacement cannot be assessed since this would require simultaneous acquisition 
of the orthogonal views, and thus, a 3D matrix transducer would be required operating 
>Ì>vÀiµÕiVÞv>Ìi>ÃÌnâÜÌ}vÀ>iÀ>ÌiÃ°-ÕVÌÀ>Ã`ÕViÀÃ`ÌiÝÃÌÞiÌ°
The frame rate of current mechanically scanning 3D transducers is far too low to perform 
speckle-tracking algorithms as performed in the present study.
 ÃÕ>ÀÞ]ÌÃÃÌÕ`Þ`iÃÌÀ>ÌiÃÌ>ÌV>}iÃÃ>«i>`ÌVVÕÀ
/-
patients, particularly regarding the MN, and these changes are related to the severity of 

/-°/iÃiw`}Ã«ÀÛ`iÃ}ÌÌi`Þ>V>V>}iÃÌ>ÌVVÕÀ
/-«>ÌiÌÃ]
which may help to get a better understanding of the pathogenesis of CTS and may help to 
develop an ultrasound-based tool that can diagnose CTS accurately. 
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DISCUSSION 
Carpal tunnel syndrome (CTS) is a compression neuropathy of the median nerve in the 
carpal tunnel and accounts for approximately 90% of all compression neuropathies.1 
Compression and irritation of the median nerve causes paraesthesia of the radial side of 
the hand and muscle weakness of mostly the thumb.  
 }ÛiVÌÞ >` }Þ Ài«iÌÌÛi >` >`ÜÀÃÌÌÃ >Ûi vÕ` Ì Li > ÀÃ
factor for CTS.2-5 >` ÌÃ >Ài > ÀiÃÕÌ v VÀ`>Ìi` `Ã«>ViiÌÃ v Û>ÀÕÃ
tendons at various velocities. Tendon motion can cause damage to the subsynovial 
ViVÌÛiÌÃÃÕi­--
/®ÃÕÀÀÕ`}ÌiiÀÛi>`yiÝÀÌi`ÃÌiV>À«>ÌÕi°È]Ç 
The SSCT serves as a friction-reducing unit when tendons are in motion.8 Damaged SSCT 
Ì>ÌiÃ> Ài«>À«ÀViÃÃ]ÜV i>`Ã Ì Ài«>ViiÌv Ìi`>>}i`--
/LÞwLÀÌV
SSCT,9-13>«Ài`>ÌÃÌ}V>w`}
/-°12/iwLÀÌV--
/ÃÌVii`]>Ã
VÀi>Ãi`V>«>LÌiÃÌ>LÃÀLÌiÀÃÌÌ>yÕ`Ã>`` iVÀi>Ãi`«iÀi>LÌÞ°14-16 Moreover, 
wLÀâ>ÌvÌi--
/V>ÕÃiÃ>`iÃÃÀ` ÃViVÌLiÌÜii>`>ViÌÌÃÃÕiÃ°/iÃi
changes could affect carpal tunnel pressure and dynamics of structures in the carpal tunnel, 
which may subsequently cause median nerve neuropathy.   
 *>ÀÌ vÌÃÌiÃÃvVÕÃi`LiV>V>>``Þ>V>Li>ÛÕÀvÌi--
/]
>`ÌiÀi>ÌLiÌÜii­}ÛiVÌÞ®Ìi`}`}>`--
/`>>}i°*>ÀÌvVÕÃi`
«ÃÃLiV>}iÃ `Þ>VÃvÌii`>iÀÛi]yiÝÀÌi`Ã>`--
/
/-
patients using ultrasound and we investigated if ultrasound is an accurate diagnostic tool 
vÀ
/-­}ÕÀi£®°iÀiÜ` ÃVÕÃÃÌi>w`}ÃvÌÃÌiÃÃ]ÌiÀVV>«ÀÌ>Vi
and possible limitations. Moreover, directions for future research will be considered. 
 
Figure 1 Outline of this thesis. 
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Part I. The potential link between hand motions and the development of CTS 
The occurrence of CTS is associated with high-velocity, repetitive hand and wrist motions 
and hand vibration.Óx]£Ç]£nchapter 2 we showed that the SSCT of human cadaver hands 
is damaged earlier within the range of motion at higher tendon excursion velocities. The 
lowered SSCT damage threshold as a result of higher tendon excursion velocities gives an 
explanation why high-velocity repetitive motions of the hand are a risk factor for CTS.2-5 
 chapter 3 we investigated in detail the different components contributing to tendon 
gliding resistance. We demonstrated that the total tendon gliding resistance is the result 
v--
/`ivÀ>Ì]«Ài>ÃÌV«À«iÀÌiÃ­°i°ÃÌÀiÃÃ`ÕVi`yÕ`yÜ®vÌiÌi`]
and possibly the SSCT, and contact friction between structures. Changes in any of these 
V«iÌÃ`ÕiÌwLÀâ>Ì>``>>}ivÌi--
/V>VÀi>Ãi}`}ÀiÃÃÌ>Vi°13 
VÀi>Ãi`}`}ÀiÃÃÌ>ViÃÃiiÜiÌiÀiÃVÀi>Ãi`V>À«>ÌÕi«ÀiÃÃÕÀi]ÜV
is the main characteristic of CTS.19 
 chapter 4ÜiiÝ«Ài` 
/-«>ÌiÌÃ>`i>ÌÞÃÕLiVÌÃ ÌiivviVÌv Ìi`
excursion velocity on median nerve displacement using ultrasound. We found that the 
relative nerve displacement increased at higher tendon excursion velocities in healthy 
ÃÕLiVÌÃ>ÃÜi>Ã 
/-«>ÌiÌÃ°	>Ãi`ÌiÀiÃÕÌÃv ÌiV>«ÌiÀÃÓ>`ÎÌÃ Ã
most likely the result of increased stiffness. Overall less median nerve displacement was 
Ãii
/-«>ÌiÌÃV«>Ài`ÌÌii>ÌÞÃÕLiVÌÃ°ÛÛ>`iÝÛÛÃÌÕ`iÃ>Ûi
ÃÜÌ>ÌÌiÌiÀViVÌ}--
/wLÀÃV>ÀÕ«ÌÕÀi]ÜV>ÞÀiÃÕÌ --
/yiÝÀ
tendon or SSCT-median nerve dissociation.6,8,20 Rupture of the SSCT could therefore be the 
mechanism responsible for decreased median nerve motion found in our study.
 7iÌiÀ«ÀiÌ}Ìiw`}Ãvchapter 2, 3 and 4, several Ì>ÌÃ need to be 
taken into account. First of all, in chapter 2 and 3 we have studied SSCT properties in 
Õ>V>`>ÛiÀ>`Ã°ƂÌÕ}>Õ>V>`>ÛiÀ>`ÃÌÕ`Þ>ÞLi>}`iÝ«iÀiÌ>
method to mimic the in vivo situation, the in vitro conditions differ from in vivo conditions, 
which need to be considered when interpreting the results. Secondly, the results of chapter 
4 >Ài VÌÀ>`VÌÀÞ Ì Ìi w`}Ãv"iÌ >° >`9Ã iÌ >°Ü vÕ``iVÀi>Ãi`
SSCT and median nerve displacement at higher tendon excursion velocities.21,22ÜiÛiÀ]
these studies used lower tendon excursion velocities and were performed in cadaver hands 
whereby openings were made proximal of the carpal tunnel, which may have affected 
the internal environment. This makes the comparability of theirs and our study debatable. 
Lastly, accurate imaging of the SSCT remains a challenge. The SSCT is a layered structure 
of solely 1 mm thick that deforms during motion. Therefore the SSCT displacement 
i>ÃÕÀiiÌÃ>Ài«ÀiÌiÀÀÀÃÜiÕÃ}Ã«iViÌÀ>V}>>ÞÃÃ°ÜiÛiÀ]vÕÌÕÀi
developments, such as very-high frequency ultrasound imaging (e.g., Visual Sonics Vevo 
2100), will enable better visualisation of the SSCT and may (partly) resolve these issues.
  VVÕÃ] }ÛiVÌÞ>`ÌÃ>Ài VÃ`iÀi` ÀÃ v>VÌÀÃ vÀ
/-°}
ÛiVÌÞÌi`iÝVÕÀÃVÀi>ÃiÃ}`}ÀiÃÃÌ>VivÌiÌi`°ÌV>ÕÃiÃÌi--
/Ì
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ÃÌvvi>`Ìi--
/}iÌÃ` >>}i`>Ì>ÜiÀÌi`iÝVÕÀÃÀ>Ìi°VÀi>Ãi`ÃÌvvi}v
the SSCT can explain the increased median nerve displacement at higher tendon excursion 
ÛiVÌiÃ°,Õ«ÌÕÀi`ÌiÀViVÌ}--
/wLiÀÃV>iÝ«>Ìi`iVÀi>Ãi`i`>iÀÛi
displacement in CTS patients.
 Several recommendations can be given regarding vÕÌÕÀiÀiÃi>ÀV. First, more research 
is needed regarding SSCT damage patterns, preferably in vivo. For this, animal test models 
may be useful; but using animal models to study non-life-threatening syndromes remains 
>iÌV>«Ìv`iL>Ìi°ƂÃ]ÀiViÌÞÛiÀÞ}vÀiµÕiVÞÕÌÀ>ÃÕ`>ViÃ­i°}°]
Visual Sonics Vevo 2100) are being developed with increased quality of imaging and 
V>«>VÌÞ°«ÀÛi`>}}>ViÃ>Þi>LiÀi`iÌ>i`>}}vÌi--
/>`
allow smaller region of interest-boxes. Usage of these machines for in vivo research should 
therefore be considered in the nearby future. Completing the discovery of carpal tunnel 
LiV>VÃ] >`iwÌi iiiÌ`iv Ìi V>À«> ÌÕi ÃÕ`Li VÀi>Ìi`]ÜV
could be used to investigate alternatives for high-risk motions to decrease the chance of 
getting CTS.
Part II. Changes in carpal tunnel content mechanics in CTS patients and the 
value of ultrasound as diagnostic tool
VÀi>Ãi` V>À«> ÌÕi «ÀiÃÃÕÀi >` wLÀÌV --
/ >Ài ÌiÃÌ «ÀiÌ vi>ÌÕÀiÃ v
CTS.12,13,23,24 The exact pathophysiology of idiopathic CTS is however unknown. One often 
«À«Ãi`Þ«ÌiÃÃ Ã Ì>Ì`>>}i`--
/ ÌÀ}}iÀÃ>y>>ÌÀÞ Ài«>À«ÀViÃÃ
ÀiÃÕÌ}  wLÀÌV --
/ >` VÀi>Ãi` V>À«> ÌÕi «ÀiÃÃÕÀi] ÜV ÃÕLÃiµÕiÌÞ
compresses the median nerve.13,14,25 Fibrozation of the SSCT may lead to adhesiolysis 
v Ìii`>iÀÛi >`yiÝÀ Ìi`ÃÀ Ì`ÃÃV>Ìv Ìi--
/ vÀ ÌiiÀÛi
and tendons if the SSCT is ruptured.267iÞ«ÌiÃÃi`Ì>ÌÌiÃiV>}iÃyÕiViÌi
`Þ>VÃvÌii`>iÀÛi]yiÝÀÌi`Ã>`--
/ÜÌÌiV>À«>ÌÕi>`>Þ
be of diagnostic value. Ultrasound is the only modality capable of non-invasively, real time 
imaging of moving tissues, and therefore the most ideal tool to investigate the dynamics 
of these structures in vivo during hand and wrist motions.ÓÇ
 ƂÌÕ}}vÀiµÕiVÞÕÌÀ>ÃÕ`>ÜÃ«ÀiVÃiÀi>Ìi>}}]ÕÌÀ>ÃÕ`>}}
and reviewing of the scans are rater-dependent.28 Excellent test-retest results have been 
reported for measurements of various transverse plane ultrasound parameters, however no 
reliability between various reviewers was reported.29chapter 5 we found fair to excellent 
intrarater and interrater reliability for transverse shape measurements of the median nerve 
>`ÃÌ yiÝÀ Ìi`Ã°7i >Ã Ài«ÀÌi` iÝViiÌ ÌÀ>À>ÌiÀ >` ÌiÀÀ>ÌiÀ Ài>LÌÞ
for transverse displacement measurements.  For longitudinal displacement measurements 
small intrarater and interrater errors have been found using this speckle tracking method,30 
ÜiÛiÀÌiÃÌÀiÌiÃÌÀi>LÌÞÜ>ÃÛiÃÌ}>Ìi`°chapter 8 we have performed a test-
ÀiÌiÃÌxäÃÕLiVÌÃ°/iÌiÃÌÀiÌiÃÌÀi>LÌÞvÀ}ÌÕ`>`Ã«>ViiÌi>ÃÕÀiiÌÃ
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v Ìii`>iÀÛi]ÃÕ«iÀwV>yiÝÀ Ìi`v Ìi``iw}iÀ>`Ìi`ii«yiÝÀ
Ìi`vÌi``iw}iÀÜiÀivÕ`ÌLi}`ÌiÝViiÌ°/iÌiÃÌÀiÌiÃÌÀi>LÌÞvÀ
longitudinal displacement measurements of the SSCT measurements was concluded to be 
moderate to good. These results together demonstrate that ultrasound measurements are 
reliable and that these measurements can be used to investigate carpal tunnel dynamics.  
When investigating the dynamics of carpal tunnel structures during various hand and 
ÜÀÃÌÌÃ>`V«>À}ÌiÀiÃÕÌÃvi>ÌÞÃÕLiVÌÃÜÌ
/-«>ÌiÌÃ]>ÕLiÀ
of differences were discovered, as described in chapter 6 and 7°ÀÃÌ]yiÝ>`Õ>À
deviation of the wrist had the most prominent effect on the median nerve circularity; less 
i`>iÀÛi`ivÀ>ÌÜ>ÃÃii
/-«>ÌiÌÃ° iÝÌ]>ÌÕ}w}iÀyiÝ``Ì
affect deformation of the nerve in this relatively small case-control study (chapter 7), in 
Ìi>À}iÀÃÌÕ`ÞiÃÃ`ivÀ>ÌvÌii`>iÀÛiÜ>ÃÃii`ÕÀ}w}iÀyiÝÜi
V«>À}Ìii>ÌÞÃÕLiVÌÃÜÌ«>ÌiÌÃÜÌÃiÛiÀi
/-­chapter 8). Lastly, we found 
less median nerve motion and the nerve moved towards a different direction during wrist 
yiÝ>`Õ>À`iÛ>Ì
/-«>ÌiÌÃV«>Ài`Ìi>ÌÞÃÕLiVÌÃ°
 chapter 8 we studied the dynamics of carpal tunnel structure in the longitudinal 
plane. We found a decrease in median nerve displacement and a trend of increasing 
ÃÕ«iÀwV>yiÝÀÌi``Ã«>ViiÌ>``iVÀi>Ã}`ii«yiÝÀÌi``Ã«>ViiÌ
in CTS patients. Others have reported similar changes in the relative motion of the median 
nerve and tendons.31-33 Different factors such as enlarged size of the median nerve, 
ruptured SSCT and increased carpal tunnel pressure may play a causative role. Contrary 
to our expectations was the decreased longitudinal median nerve displacement without a 
VÌ`iVÀi>ÃivÌÀ>ÃÛiÀÃii`>iÀÛi`Ã«>ViiÌ°Ƃ«ÃÃLiÀ>Ì>iVÕ`Li
Ì>ÌÌi>«ÌÕ`ivÌÀ>ÃÛiÀÃi`Ã«>ViiÌ`ÕÀ}w}iÀyiÝ}ÌLiÀi>ÌÛiÞÌ
small to detect differences. Calculating the area of the median nerve, a static measurement, 
was found to be the most discriminating parameter for CTS; most patients with CTS have 
>VÀi>Ãi`VÀÃÃÃiVÌ>>Ài>°>``Ì]i>ÃÕÀ}Ìii`>iÀÛi>Ài>Ã>ÃÌi
simplest parameter to measure. Other shape measurements of the median nerve were less 
discriminating, but can easily be obtained through area calculations. 
 ƂÌÕ}Üi>ÛiÌÀi`Ì>>ÞÃiÌiV>}iÃvV>À«>ÌÕiVÌiÌ`Þ>VÃ>Ã
detailed as possible by incorporating a large number of patients, investigating numerous 
ultrasound parameters and using a matched case-control study design, there are several 
Ì>ÌÃ°To begin with, ultrasound parameters were compared with clinical and nerve 
V`ÕVÌÃÌÕ`ÞV>ÃÃwV>ÌÃ`ÕiÌ>Vv>}`iÃÌ>`>À`vÀ
/-°ƂÃ>ÀiÃÕÌ] Ì
was not possible to examine superiority of ultrasound in diagnosing CTS compared to the 
nerve conduction test. Secondly, analyzing the ultrasound scans is a laborious process; 
it may take up to 40 minutes for one patient, and requires a substantial amount of data 
ÃÌÀ>}iÆÕ«ÌÓä}}>LÞÌiÃ vÀi>`°/Ã ÌÃ ÌÃVV>ÕÃ>LÌÞ°ÜiÛiÀ]ÜÌ
VÕÀÀiÌ ÌiVV>`iÛi«iÌÃ]ÜiiÝ«iVÌ ÌÃ ÌLiVii>ÃiÀ  Ìii>À vÕÌÕÀi°ƂÌ
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last, although we have assumed that the change in dynamics is probably the result of 
Û>À>ÌÃv «ÀiÃÃÕÀi >` wLÀÃÃ v Ìi --
/]Üi VÕ`Þ `ÀiVÌÞi>ÃÕÀi` ÌÃ°
Ì ÃiiÃ Ài>Ã>Li Ì>Ì ÃÌÀÕVÌÕÀ> V>}iÃ  Ìi V>À«> ÌÕi >Ài Ìi> V>ÕÃi v
V>}i`Ì«>ÌÌiÀÃ°ÜiÛiÀ]ÌÃ«ÃÃLiÌ>Ì«>ÌiÌÃ>Ûi>«Ài`Ã«Ã}Ì
pattern that leads to increased shear of the SSCT and secondary to that SSCT damage, 
ÜVÃÕLÃiµÕiÌÞV>i>`Ì--
/wLÀÃÃ>`VÀi>Ãi`V>À«>ÌÕi«ÀiÃÃÕÀi°>À}i
longitudinal prospective studies would be needed to answer this question. Nevertheless, 
such motion patterns may be useful in distinguishing affected from unaffected individuals. 
 VVÕÃ]`ivÀ>Ì>`LÌÞvÌii`>iÀÛi>`yiÝÀÌi`Ã>Ài
different in patients with CTS and this becomes more prominent with increasing severity of 

/-°
/-«>ÌiÌÃÜivÕ`>VÀi>Ãi`i`>iÀÛi>Ài>]`iVÀi>Ãi`VÀVÕ>ÀÌÞ>`
`iVÀi>Ãi``Ã«>ViiÌ`ÕÀ}ÜÀÃÌyiÝ>`Õ>À`iÛ>ÌÌiÌÀ>ÃÛiÀÃi«>i°
 Ìi }ÌÕ`>«>i]
/-«>ÌiÌÃ>``iVÀi>Ãi`i`>iÀÛi`Ã«>ViiÌ>`
>VÀi>Ãi`ÃÕ«iÀwV>Ì`ii«yiÝÀÌi`À>Ì°>ÃÌÞ]ÕÌÀ>ÃÕ`Ã>Ài>LiÌÌ
investigate these changes in dynamics of carpal tunnel structures.
 We can make several recommendations for vÕÌÕÀi ÀiÃi>ÀV. This thesis showed that 
changes in dynamics of carpal tunnel contents occur in CTS patients and that ultrasound 
V>i>ÃÕÀiÌiÃiV>}iÃÀi>LÞ°ÕÌÕÀiÀiÃi>ÀVÃÕ`vVÕÃÌiÀivÀi`iw}VÕÌ
off values for ultrasound parameters, improving the user-friendliness of the programs used 
to analyse the ultrasound scans, and new ultrasound machines (i.e., Visual Sonics Vevo 
2100) with increased imaging quality and capacity should be considered for investigating 
carpal tunnel dynamics. Next, a comparison with treatment outcome, using a randomized 
controlled trial study design, will give more clinically useful information about the diagnostic 
Û>ÕivÕÌÀ>ÃÕ`°/À`]Üi``w`>VÀi>Ãi`ÃÕ«iÀwV>Ì`ii«yiÝÀÌi`À>Ì
in some patients, we hypothesized that this could be the result of adhesions between the 
ÃÕ«iÀwV>>``ii«yiÝÀÌi`vVÀÀiÃ«`}w}iÀÃ°ÜiÛiÀ]ÌVÕ`>ÃÜiLi
ÌiÀiÃÕÌv>ÌiÀ>ÌÃÌ«>ÌÌiÀÃ]ÃÕ}}iÃÌ}Ì>Ì
/-«>ÌiÌÃÛiÌiÀw}iÀÃ
`vviÀiÌÞ°7i>ÛiÌÃÌÕ`i`ÌiÌvÌiw}iÀÃ]LÕÌÌÃÜÕ`LiÌiÀiÃÌ}
to measure. Lastly, it may be interesting to differentiate whether the change in dynamics 
of carpal tunnel contents in CTS patients is the direct result of SSCT changes or increased 
carpal tunnel pressure. This can be investigated when scanning CTS patients’ wrist 
before and after a carpal tunnel release preferably combined with carpal tunnel pressure 
measurements and histological SSCT analysis.
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SUMMARY 
/i>vÌÃÌiÃÃÃ­«>ÀÌ®ÌiÝÌi`ÌiÜi`}i>LÕÌLiV>V>>``Þ>V
Li>ÛÕÀvÌiÃÕLÃÞÛ>ViVÌÛiÌÃÃÕi­--
/®`ÕÀ}Ìi`}`}]>`­«>ÀÌ®
to establish possible changes in dynamics of the carpal tunnel contents in patients with 
carpal tunnel syndrome (CTS) using ultrasound, and to investigate whether ultrasound 
could be a reliable and accurate diagnostic tool for CTS.  
PART I
CTS is an entrapment neuropathy of the median nerve in the carpal tunnel. Fibrosis of the 
--
/ÌiV>À«>ÌÕiÃ>«Ài`>ÌÃÌ}V>w`}
/-]ÜVÃVÃ`iÀi`
ÌLiÌiÀiÃÕÌv>`>>}iÀi«>À«ÀViÃÃvÌi--
/°"ViÌi--
/ÃwLÀÌV] Ì Ã
more susceptible to damage, entering a vicious circle, which leads to more production of 
wLÀÃÃ°/i`>>}iÌÌi--
/V>LiV>ÕÃi`LÞÌi`Ì°
 chapter 2 we studied the effect of tendon excursion velocity in the generation of 
SSCT damage. Previous studies found that low-velocity tendon excursions can irreversibly 
damage the SSCT within the normal range of motion. This may be different at higher tendon 
excursion velocities. Nine human cadaver wrists were used. Three repeated cycles of ramp-
stretch testing were performed simulating 40%, 60%, 90%, and 120% of the physiological 
iÝVÕÀÃvÌiÃÕ«iÀwV>``iw}iÀyiÝÀÌi`ÜÌ>Ìi`iÝVÕÀÃÛiVÌÞv
ÈäÉÃ°`}ÀiÃÃÌ>ViiiÀ}Þ>`vÀViÜiÀiV>VÕ>Ìi`>`Û>ÕiÃvÌiÃiV`>`
ÌÀ`VÞViÜiÀiÀ>âi`LÞÛ>ÕiÃLÌ>i`ÌiwÀÃÌVÞVivÀi>ViÝVÕÀÃiÛi°
The data was compared with the data of a similar experiment whereby a tendon excursion 
ÛiVÌÞvÓÉÃÜ>ÃÕÃi`°À}ÛiVÌÞÌi`iÝVÕÀÃÃ]>Ã}wV>Ì`À«Ìi
iÝVÕÀÃiiÀ}ÞÀ>Ì]`V>ÌÛivÀ--
/` >>}i]Ü>ÃwÀÃÌLÃiÀÛi`>Ì>iÝVÕÀÃiÛi
of 60% of the physiological excursion of the tendon. For low-velocity tendon excursions 
Ìi`À«ÌiiÝVÕÀÃiiÀ}ÞÀ>ÌÜ>ÃwÀÃÌLÃiÀÛi`>Ì>iÝVÕÀÃiÛivä¯v
Ìi«ÞÃ}V>iÝVÕÀÃvÌiÌi`°VVÕÃ]ÜivÕ`Ì>ÌVÀi>Ã}Ìi`
iÝVÕÀÃÛiVÌÞ ÜiÀÃ Ìi--
/`>>}i ÌÀiÃ`°/Ãw`}>ÞLi ÀiiÛ>Ì vÀ
Õ`iÀÃÌ>`}Ìi«>Ì}iiÃÃv--
/`>>}i>`wLÀÃÃ]ÃÕV>ÃÌ>Ì>VV«>Þ}
CTS, and the relationship of CTS with occupational factors.
  chapter 3 we investigated the different components contributing to gliding 
resistance within the carpal tunnel resulting from tendon motion. Four pairs of human 
cadaver wrists (8 wrists in total) were used. Tendon gliding resistance was measured under 
different conditions; with and without intact SSCT, at 2mm/s and 6omm/s tendon excursion 
ÛiVÌÞ]>`ÜÌ>`ÜÌÕÌÀi>Ý>ÌÌiLiÌÜiiÌiÃÌVÞViÃ°`}ÀiÃÃÌ>VivÀVi]
energy and stiffness were calculated. SSCT stretching was found to play a substantial role. 
When isolating the SSCT gliding resistance, more force, energy and a trend of increased 
stiffness were observed at high-velocity tendon excursions compared to low-velocity 
Summary140
Ìi`iÝVÕÀÃÃ°*Ài>ÃÌV«À«iÀÌiÃ­°i°]i>ÃÌV«À«iÀÌiÃvyÕ`wÌÀ>Ìi`«ÀÕÃ
tissues) of the tendon, and possibly the SSCT, played a role as well because relaxation 
ÌiÃ}wV>ÌÞ VÀi>Ãi`}`} ÀiÃÃÌ>Vi vÀVi>`iiÀ}Þ°ƂÌ}ÛiVÌÞ Ìi`
excursions with relaxation time we found increased gliding resistance energy and force 
compared to low-velocity tendon excursions with relaxation time and these differences 
ÜiÀi >«wi` ÜÌ }iÀ Ìi` iÝVÕÀÃ ÛiVÌiÃ° >ÃÌÞ] ÜÌÕÌ Ài>Ý>Ì Ìi
there was still gliding resistance observed, however no difference in gliding resistance 
force and energy was found between different tendon excursion velocities, suggesting 
contact friction. When increasing carpal tunnel pressure, increased gliding resistance was 
LÃiÀÛi`°/iwLÀÌVV>}iÃ]ÌVi}]VÀi>Ãi`>LÃÀ«ÌV>«>VÌÞ]>``iVÀi>Ãi`
permeability of the SSCT in CTS patients can consequently effect any of the above-
mentioned components and result in increased gliding resistance. 
  chapter 4 we studied the in vivo effect of tendon excursion velocity on median 
iÀÛi `Ã«>ViiÌ >` `ÀiVÌÞ --
/ `Ã«>ViiÌ° VÀi>Ãi` ÃÌÀ> À>ÌiÃ VÀi>ÃiÃ
stiffness in viscoelastic tissues, and thereby its capacity to transfer shear load. SSCT is like 
most biological tissues thought to be viscoelastic. Therefore, if higher tendon excursion 
velocities increase SSCT stiffness it may increase the median nerve displacement, since 
the median nerve is a relatively loose structure that cannot move actively, but can solely 
LiÛi`«>ÃÃÛiÞ°ÜiÛiÀ]
/-Ìi--
/>ÞLiÀÕ«ÌÕÀi`vÀÌii`>iÀÛi
or tendon and therefore it may disconnect the tendon from the median nerve. This can 
>Ã>vviVÌi`>iÀÛi`Ã«>ViiÌ°ÌÃÃÌÕ`Þ]ÕÌÀ>Ã}À>«ÞÜ>Ã«iÀvÀi`
£{ÜÀÃÌÃvi>ÌÞÃÕLiVÌÃ>`ÓxÜÀÃÌÃv
/-«>ÌiÌÃ`ÕÀ}VÌÀi`>`ÌÃ
performed at three different velocities. Longitudinal median nerve and tendon excursions 
ÜiÀi >ÃÃiÃÃi` >` V«>Ài` >VÀÃÃ Ìi ÌÀii `vviÀiÌ ÛiVÌiÃ°  LÌ Ìi i>ÌÞ
ÃÕLiVÌ}ÀÕ«>ÃÜi>ÃÌi
/-«>ÌiÌ}ÀÕ«Ìii`>iÀÛi`Ã«>ViiÌVÀi>Ãi`
ÜÌVÀi>Ã}Ìi`iÝVÕÀÃÛiVÌÞ°
/-«>ÌiÌÃiÝLÌi`Ã}wV>ÌÞiÃÃi`>
iÀÛiÌ Ì> Ìi i>ÌÞ ÃÕLiVÌÃ° /iÃi w`}Ã >Ài VÃÃÌiÌ ÜÌ Ìi VÕÀÀiÌ
Üi`}iv--
/iV>VÃ
/-]ÜVÃi«>ÌiÌÃÌiwLÀÌV--
/>««i>ÀÃ
to have ruptured from the tendon surface and can no longer pull along the median nerve.
PART II
VÀi>Ãi`V>À«>ÌÕi«ÀiÃÃÕÀi]--
/ÌVi}>`wLÀÃÃÌ>Ì>Þi>`Ì>`iÃÃ
or disconnections between carpal tunnel structures, and decreased permeability and 
increased absorption capacity of the SSCT can all effect the dynamics of the median nerve, 
--
/]>`yiÝÀÌi`ÃÜÌÌiV>À«>ÌÕi°-ÌÕ`Þ}ÌiÃiÃÌÀÕVÌÕÀiÃ`ÕÀ}>`
>`ÜÀÃÌÌÃi>ÌÞÃÕLiVÌÃ>`
/-«>ÌiÌÃ>ÞÀiÛi>ÕÃivÕvÀ>Ì>LÕÌ
possible changes of the dynamics of these structures in patients with CTS. Ultrasound can 
visualize these potential changes, which potentially makes it a diagnostic tool.  
Summary 141
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 Unfortunately, reliability and reference values are not well established for most dynamic 
Ã}À>«Vi>ÃÕÀiiÌÃv Ìii`>iÀÛi]--
/>`yiÝÀ Ìi`Ã°  chapter 
5Üi >}i`{äÜÀÃÌÃvÓäi>ÌÞÃÕLiVÌÃÕÃ}ÕÌÀ>ÃÕ`°1ÌÀ>ÃÕ`ÃV>Ãv Ìi
carpal tunnel inlet were acquired during hand motion. Based on shape and displacement 
i>ÃÕÀiiÌÃvÌii`>iÀÛi>`yiÝÀÌi`Ã]ÌÀ>>`ÌiÀÀ>ÌiÀÀi>LÌÞ>`
reference values were calculated. The mean intra- and interrater reliability for measurements 
vÌii`>iÀÛi>`ÃÌyiÝÀÌi`ÃÜiÀiä°ÇvÀÃ>«i«>À>iÌiÀÃ>`ä°n
for displacement parameters. These results demonstrate that cross-sectional shape and 
`Ã«>ViiÌi>ÃÕÀiiÌÃ v Ìii`> iÀÛi >`ÃÌ yiÝÀ Ìi`Ã >` > }
Ài>LÌÞ° iÝÌ]ÜiVVÕ`i`Ì>Ì`ÕÀ}Ì]Ìii`>iÀÛiy>ÌÌii`ÜÌÕ>À
ÛiiÌ] yiÝÀ Ìi`Ã LiV>iÀi VÀVÕ>À] >` yiÝÀ Ìi`Ã v VÀÀiÃ«`}
w}iÀÃÛi`ÌÜ>À`i>VÌiÀ°/iÀiviÀiViÛ>ÕiÃÀi«ÀÌi`V>«ÌiÀx>ÞLiÕÃivÕ
for future ultrasound research on the diagnosis of CTS.  
 chapter 8 we included reliability testing for longitudinal ultrasound measurements. 
7i «iÀvÀi` > ÌiÃÌÀiÌiÃÌ  xä ÃÕLiVÌÃ] ÃVi ÌiÀÃ >Ûi >Ài>`Þ Ài«ÀÌi` 
intrarater and interrater reliability and found small errors. The test-retest reliability for the 
`Ã«>ViiÌ v Ìii`> iÀÛi] yiÝÀ Ìi`Ã v Ìi``i w}iÀ >` --
/Ü>Ã
`iÀ>ÌiÌiÝViiÌ]ÜÌ>i>Ài>LÌÞvä°Ç£°iÀiLÞÌiÛiÀ>Ài>LÌÞvÌi
i`>iÀÛi>`yiÝÀÌi`ÃÜ>Ã}iÀV«>Ài`ÌÌiÀi>LÌÞvÌi--
/°
 chapter 6 we evaluated the deformation and displacement of the median nerve in 
i>ÌÞÃÕLiVÌÃ>ÌÌi«ÀÝ>V>À«>ÌÕiiÛiVÀÃÃÃiVÌ>ÕÌÀ>ÃÕ`>}iÃ
during different wrist movements, to establish a baseline for comparison with abnormal 
ÛiiÌÃ°Þ>VÕÌÀ>ÃÕ`>}iÃvLÌÜÀÃÌÃv£äi>ÌÞÃÕLiVÌÃÜiÀiLÌ>i`
`ÕÀ}ÃÝ`vviÀiÌ>`>`ÜÀÃÌÌÃ\>Ý>ÜÀÃÌyiÝÜÌw}iÀÃyiÝi`À
iÝÌi`i`]iÝÌiÃÜÌw}iÀÃyiÝi`ÀiÝÌi`i`]Õ>À`iÛ>Ì]>`w}iÀÃyiÝ°
/Ã«vÞÌi>>ÞÃÃ]ÌiÌ>>`w>Ã>«i>`«ÃÌvÌii`>iÀÛiÜiÀi
measured and analysed. The circularity of the median nerve increased and the perimeter 
`iVÀi>Ãi``ÕÀ}ÜÀÃÌyiÝÜÌw}iÀiÝÌiÃÀyiÝ>`Õ>À`iÛ>Ì°/iÀi
ÜiÀiÃ}wV>Ì`vviÀiViÃ vÀ Ìii`>iÀÛi`Ã«>ViiÌ>«ÌÕ`i>``ÀiVÌ
LiÌÜiiw}iÀyiÝ]ÜÀÃÌyiÝÜÌw}iÀÃiÝÌi`i`]>`ÜÀÃÌÕ>À`iÛ>Ì°/i
i>>«ÌÕ`iÃvi`>iÀÛi`Ã«>ViiÌ`ÕÀ}ÜÀÃÌyiÝÜÌw}iÀiÝÌiÃ
ÀyiÝ>`Õ>À`iÛ>ÌÜiÀi}iÀÌ>`ÕÀ}w}iÀyiÝ>`ÜÀÃÌiÝÌiÃ
ÜÌw}iÀiÝÌiÃÀyiÝ°VVÕÃ]ÌiÀ>V>À«>ÌÕi]ÜÀÃÌyiÝ>`
Õ>À`iÛ>ÌVÕ``ÕViÃ}wV>ÌÌÀ>ÃÛiÀÃi`Ã«>ViiÌ>``ivÀ>ÌvÌi
i`>iÀÛii>ÌÞÃÕLiVÌÃ°
 The aim of chapter 7 was to evaluate the deformability and mobility of the median 
iÀÛi  «>ÌiÌÃ ÜÌ 
/- >` V«>Ài Ìi ÀiÃÕÌÃ ÜÌ Ìi `>Ì> v i>ÌÞ ÃÕLiVÌÃ°
Dynamic ultrasound images were obtained in 20 affected wrists of 13 patients with CTS. 
,iÃÕÌÃÜiÀiV«>Ài`Ì`>Ì>LÌ>i`vÀLÌÜÀÃÌÃv£äi>ÌÞÃÕLiVÌÃÀi«ÀÌi`
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V>«ÌiÀÈ°->«i>`«ÃÌvÌii`>iÀÛiÌiÌ>>`w>>}iÜiÀi
measured and analysed for six wrist and hand movements. The deformation ratios for each 
ÛiiÌÜiÀi`iwi`>ÃÌii`>iÀÛi>Ài>]«iÀiÌiÀ]>`VÀVÕ>ÀÌÞvÌiw>
position normalized by values assessed in the initial position. Furthermore, the median 
nerve displacement vector and amplitude were calculated. The deformation ratio for 
VÀVÕ>ÀÌÞÜ>ÃÃ}wV>ÌÞiÃÃ«>ÌiÌÃÜÌ
/-V«>Ài`Ìi>ÌÞÃÕLiVÌÃ`ÕÀ}
ÜÀÃÌ yiÝÜÌw}iÀiÝÌiÃÀ yiÝ°/iÛiVÌÀvi`>iÀÛi`Ã«>ViiÌ
`ÕÀ}ÜÀÃÌyiÝÜÌw}iÀyiÝÀiÝÌiÃÜ>Ã`vviÀiÌLiÌÜii«>ÌiÌÃÜÌ

/->`i>ÌÞÃÕLiVÌÃ°/i`Ã«>ViiÌ>«ÌÕ`ivÌii`>iÀÛiÜ>ÃvÕ`Ì
LiiÃÃ«>ÌiÌÃÜÌ
/-V«>Ài`Ìi>ÌÞÃÕLiVÌÃ`ÕÀ}ÜÀÃÌyiÝÜÌw}iÀ
iÝÌiÃÀyiÝ>`Õ>À` iÛ>Ì°VVÕÃ]«>ÌiÌÃÜÌ
/-` vviÀvÀÀ>
ÃÕLiVÌÃÜÌÀi}>À`ÌLÌÞ>``ivÀ>LÌÞvÌii`>iÀÛi`ÕÀ}ÜÀÃÌyiÝ
and ulnar deviation.
  chapter 8 the dynamics of the carpal tunnel contents were analysed in multiple 
«>iÃ°Õ`Ài`>`ÌÀÌii«>ÌiÌÃÜÌVV>ÞVwÀi`
/->`{ÓVÌÀÃÜiÀi
VÕ`i`°
/-ÃiÛiÀÌÞÜ>ÃV>ÃÃwi`>VVÀ`}ÌÛ>`>Ìi`VV>>`iÀÛiV`ÕVÌ
ÃÌÕ`ÞV>ÃÃwV>ÌÃ°1ÌÀ>ÃÕ`Ü>ÃÕÃi`Ì>}iÌiV>À«>ÌÕiÌiVÀÃÃÃiVÌ>
and longitudinal plane during hand motion. Cross-sectional and longitudinal displacement 
and shape (changes) were calculated for the median nerve, tendons, and SSCT. To predict 
the diagnostic value of ultrasound for CTS we applied a binary logistic regression model. Less 
longitudinal median nerve displacement was seen both in patients with clinically suspected 

/->`Üi
/-Ü>ÃVwÀi`L>Ãi`iÀÛiV`ÕVÌÃÌÕ`ÞÀiÃÕÌÃ°ÀiÛiÀ]

/-«>ÌiÌÃ>ÌÀi`vVÀi>Ã}ÃÕ«iÀwV>yiÝÀÌi``Ã«>ViiÌ>``iVÀi>Ã}
`ii« yiÝÀ Ìi` `Ã«>ViiÌÜ>Ã Ãii] >`Üi vÕ` > VÀi>Ãi`i`> iÀÛi
>Ài>>`«iÀiÌiÀ°/iÃiV>}iÃÜiÀiVÀi>Ã}Þ«ÀvÕ`ÀiÃiÛiÀiÞV>ÃÃwi`

/-«>ÌiÌÃ°	>ÀÞ }ÃÌV`i}ÃÜi`Çä¯ÃiÃÌÛÌÞ>`n{¯Ã«iVwVÌÞÜÌ
VV>ÃÞ«ÌÃ>Ã` i«i`iÌÛ>À>Li>`Ç£¯ÃiÃÌÛÌÞ>`nä¯Ã«iVwVÌÞÜÌiÀÛi
conduction study results as dependent variable. This study demonstrates that changes in 
Ã>«i>`LÌÞvÌii`>iÀÛi>`yiÝÀÌi`ÃVVÕÀ]>`Ì>ÌÌiÃiV>}iÃ
can be related to the severity of CTS.
 -Õ>Àâ}]Ìi>vÌÃÌiÃÃÜ>Ã­«>ÀÌ®ÌiÝÌi`ÌiÜi`}ivLiV>V>
>``Þ>V> Li>ÛÕÀ v Ìi --
/`ÕÀ} ­}ÛiVÌÞ® Ìi`}`}] ­«>ÀÌ ® Ì
establish potential changes in dynamics of the carpal tunnel contents of CTS patients 
using ultrasound, and to investigate whether ultrasound could be a reliable and accurate 
ÌÌ`>}Ãi
/-°«>ÀÌÜivÕ`Ì>Ì}iÀÌi`iÝVÕÀÃÛiVÌiÃVÀi>Ãi
gliding resistance, which was largely the result of SSCT deformation; SSCT stiffens at higher 
tendon excursion velocities. This can explain the increased median nerve displacement at 
}iÀÌi`iÝVÕÀÃÛiVÌiÃ°>``Ì]}iÀÌi`iÝVÕÀÃÛiVÌiÃÜiÀ
Ìi `>>}i ÌÀiÃ`°  «>ÀÌ  Üi vÕ` Ì>Ì `ivÀ>Ì >`LÌÞ v Ìi yiÝÀ
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tendons and median nerve are changed in CTS patients and this becomes more prominent 
ÜÌVÀi>Ã}ÃiÛiÀÌÞv
/-°
/-«>ÌiÌÃ>VÀi>Ãi`i`>iÀÛi>Ài>ÃÃii
the transversal plane, as well as decreased circularity, and decreased displacement during 
ÜÀÃÌyiÝ>`Õ>À`iÛ>Ì°Ìi}ÌÕ`>«>i
/-«>ÌiÌÃ>`>`iVÀi>Ãi`
i`>iÀÛi`Ã«>ViiÌ>`>VÀi>Ãi`ÃÕ«iÀwV>Ì`ii«yiÝÀÌi`À>Ì°>ÃÌ
of all, ultrasound is a reliable tool to investigate these changes in dynamics of carpal tunnel 
contents.
Summary144
SAMENVATTING
iÌ`iÛ>`Ì«ÀivÃVÀvÌÃ­`ii®iiÀiÃÌiÛiÀÜiÀÛiÛiÀ`iLiV>i
en dynamiek van het subsynoviale bindweefsel (SSCT) gedurende een peesexcursie en 
­`ii®}iiÛiÀ>`iÀ}i`i`Þ>iÛ>ÃÌÀÕVÌÕÀi`iV>À«>iÌÕi
LV>À«>>ÌÕiÃÞ`À­
/-®«>ÌlÌiÛ>ÃÌÌiÃÌiiiÌLiÕ«Û>iV}À>wÃV
`iÀâi°>>À>>ÃÌ`iÀâVÌiÜiviV}À>wÃV`iÀâiiiLiÌÀÕÜL>>Ài
>ÕÜiÕÀ}>>ÛÕi``>}ÃÌVÕâÕÕiâLiÌÛ>ÃÌÃÌiiÛ>
/-°
DEEL I
CTS is een drukneuropathie van de nervus medianus in de carpale tunnel. De meest typerende 
ÃÌ}ÃViLiÛ`}
/-ÃwLÀÃiÛ>` i--
/]iÀÛ>ÜÀ`Ì>>}ii` >Ì` ÌiÌ
ÀiÃÕÌ>>ÌÃÛ>LiÃV>`}`i` >>À>iÀÃÌi`--
/°iÌwLÀÌÃVi--
/Ã}iÛi}iÀÛÀ
nieuwe beschadigingen, waardoor er een vicieuze cirkel ontstaat welke leidt tot een toename 
Û>wLÀÃiÛ>` i--
/°iâiÃV>`i>>` i--
/>ÛiÀÀâ>>ÌÜÀ`i` À«iiÃiÝVÕÀÃi°
 hoofdstuk 2 onderzochten we het verband tussen de snelheid van de peesexcursie en 
het ontstaan van schade aan de SSCT. Eerdere studies hebben aangetoond dat er schade 
>ÌÃÌ>>>>`i--
/LiiÌÀ>iLiÜi}}ÃLiÀiÛ>`i«iiÃiLii
>}i«iiÃiÝVÕÀÃiÃii`°}iiivÌii}iÀi«iiÃiÝVÕÀÃiii>`iÀivviVÌ«
iÌÌÃÌ>>Û>--
/ÃV>`i°`iâiÃÌÕ`iiLLiÜii}iiÃii>`>ÛiÀ«Ãi
gebruikt. Drie herhaalde cycli van ramp-stretch-testen werden uitgevoerd op 40%, 60%, 90% 
en 120% van het normale bewegingsbereik van de oppervlakkige middelvingerbuigpees 
met een excursiesnelheid van 60 mm/s. De energie en kracht die nodig waren voor 
deze peesexcursies werden gemeten. De data van de tweede en derde cycli van elk 
excursieniveau werden genormaliseerd naar de data verkregen in de eerste cyclus van het 
desbetreffende excursieniveau. De uitkomsten werden vergeleken met de uitkomsten van 
iiâiv`iiÝ«iÀiÌÜ>>ÀLii«iiÃiÝVÕÀÃiÃii`Û>ÓÉÃÜ>Ã}iLÀÕÌ°6À`i
«iiÃiÝVÕÀÃiÃiÌ}iÃii`ÜiÀ`iiÃ}wV>Ìi`>}Û>`iiiÀ}iÛiÀÕ`}]
`V>ÌivÛÀ--
/ÃV>`i]ÛÀiÌiiÀÃÌÜ>>À}iiLiiiÝVÕÀÃiÛi>ÕÛ>Èä¯
Û>iÌÀ>iLiÜi}}ÃLiÀiÛ>`i«iiÃ°	ii>}iiÝVÕÀÃiÃii`ÜiÀ``iâi
`>}«>ÃÛÀiÌiiÀÃÌÜ>>À}iiLiiiÝVÕÀÃiÛi>ÕÛ>ä¯Û>iÌÀ>i
bewegingsbereik van de pees. Op basis hiervan concluderen we dat hogere snelheid van 
«iiÃiÝVÕÀÃiÃiiÀÃV>`i}iivÌ>>` i--
/°iâiLiÛ`}i` À>}iL>>` iiÃ
ÌÀiÌiÌ«>Ì}ÃVi«ÀViÃÛ>--
/wLÀÌÃiÀ}iiÌÌÃÌ>>Û>--
/ÃV>`i]
ÜiiiiÀÃ«iiÌL
/-]iiÌÛiÀL>`ÌÕÃÃi«iiÃLiÜi}}iiiÌÌÃÌ>>Û>
/-°
  hoofdstuk 3 LiÃÌÕ`iiÀ`i Üi `i `ÛiÀÃi V«iÌi `i L`À>}i >> `i
ÜiiÀÃÌ>`L «iiÃiÝVÕÀÃi `i V>À«>i ÌÕi° 6iÀ «>>ÀiÃii >`>ÛiÀ«Ãi ­n
«Ãi  ÌÌ>>® ÜiÀ`i }iLÀÕÌ° i ÜiiÀÃÌ>` L «iiÃiÝVÕÀÃi  `i V>À«>i ÌÕi
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werd gemeten onder verschillende omstandigheden: met en zonder intact SSCT, 
«iiÃiÝVÕÀÃiÃii`iÛ>ÓÉÃiÈäÉÃiiÌiâ`iÀÀi>Ý>ÌiÌ`ÌÕÃÃi`i
testcycli. De energie en kracht die nodig waren voor deze peesexcursies werden gemeten 
i«L>ÃÃÛ>`iÜiiÀÃÌ>`VÕÀÛiÜiÀ``iÃÌvi`LiÀii`°--
/>`ii>>âi
ivviVÌ « `i ÜiiÀÃÌ>` L «iiÃiÝVÕÀÃi  `i V>À«>i ÌÕi°7i Û`i `>Ì L ii
«iiÃiÝVÕÀÃiÃii`Û>ÈäÉÃ]ÛiÀ}i}iÌii«iiÃiÝVÕÀÃiÃii`Û>ÓÉÃ
er meer kracht en energie voor SSCT deformatie nodig was en dat er ook een toegenomen 
--
/ÃÌvi`ÜiÀ`Ü>>À}ii°*Ài>ÃÌÃVii}iÃV>««iÛ>`i«iiÃ]vÌiÜi
de elastische eigenschappen van de pees rekening houdend met interstitele vloeistof, en 
}i Û>`i--
/] Ã«ii`iii À `iÜiiÀÃÌ>`Û>`i«iiÃiÝVÕÀÃi°Ì
`>Ì`iLi`}`iÀ>VÌiiiÀ}iÛÀ«iiÃiÝVÕÀÃiÌi>>ÃiÀiiÌ`Ã«iÀ`i
tussen de verschillende test cycli zat en daarnaast de benodigde kracht en energie voor 
«iiÃiÝVÕÀÃiÌÕÃÃiÓÉÃiÈäÉÃ«iiÃiÝVÕÀÃiÃii`iÌÀi>Ý>ÌiÌ`iÛiiiÃ
verschillend was en dit verschil toenam wanneer er een hogere peesexcursie snelheid werd 
}iLÀÕÌ°/ÌÃÌÛ`iÜi` >ÌiÀâ`iÀÀi>Ý>ÌiÌ`}ÜiÜiiÀÃÌ>`L«iiÃiÝVÕÀÃiÃ
Ü>Ã] >>À `iâi Ü>Ã }iÛiiÀ }i L ÓÉÃ i ÈäÉÃ «iiÃiÝVÕÀÃiÃii`] Ü>Ì
ÃÕ}}iÃÌiv Ã ÛÀ ÜÀÛ} ÌÕÃÃi ÜiivÃiÃ° LÀÌÃVi ÛiÀ>`iÀ}i] ÛiÀ`}]
verminderde doorlaatbaarheid en het verhoogde absorptievermogen van de SSCT in CTS 
«>ÌlÌiÕiivviVÌiLLi«>iiiÀ`iÀ}ii`iV«iÌi`iL`À>}i>>
`i«iiÃiÝVÕÀÃiÜiiÀÃÌ>``iV>À«>iÌÕiiÕi}i`iÀâ>>âÛ>`i
ÛiÀ}`i«iiÃiÝVÕÀÃiÜiiÀÃÌ>``i}iÛ`iÜÀ`ÌL
/-«>ÌlÌi°
  hoofdstuk 4 `iÀâVÌi Üi L 
/- «>ÌlÌi i }iâ`i «iÀÃi``iÃ
iV}À>wi`iivviVÌiÛ>`i«iiÃiÝVÕÀÃiÃii`«`iiÀÛÕÃi`>ÕÃÛiÀ«>>ÌÃ}
en indirect op de SSCT verplaatsing. Verhoogde snelheid van weefseldeformatie 
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op drie verschillende snelheden. Longitudinale verplaatsing van de zenuw en pezen van 
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leidend tot verklevingen of disconnectie van structuren in de carpale tunnel, verminderde 
doorlaatbaarheid en meer absorptie capaciteit van de SSCT kunnen allemaal effect 
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bestuderen van de dynamica van deze structuren gedurende hand- en polsbewegingen 
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voor metingen van de vorm en de verplaatsing van de zenuw en pezen. De gemiddelde intra- 
en interbeoordelaarsbetrouwbaarheid van de nervus medianus en de meeste buigpezen 
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verplaatsing, wat duidt op een goede betrouwbaarheid. Daarnaast constateerden we 
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dat de pezen meer cirkelvormig werden en de buigpezen van corresponderende vingers 
naar elkaar toe bewogen. De gerapporteerde referentiewaarden in hoofdstuk 5 kunnen 
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  hoofdstuk 8 hebben we ook de test-hertest betrouwbaarheid onderzocht van 
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vonden dat de test-hertest betrouwbaarheid voor de verplaatsing van de nervus medianus, 
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peesverplaatsingen beter was dan die van de SSCT. 
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werden de vorm en positie van de nervus medianus op het echobeeld van de beginpositie 
en eindpositie gemeten en geanalyseerd. De circulariteit nam toe en de perimeter nam 
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 hoofdstuk 7 bestudeerden we de transversale vervormbaarheid en de mobiliteit van 
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van 10 gezonde personen. De vorm en positie van de nervus medianus werden gemeten 
op het echobeeld van de beginpositie en eindpositie van zes eerder genoemde pols- en 
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als de nervus medianus oppervlakte, omtrek en circulariteit gemeten op het echobeeld 
met de eindpositie van de betreffende beweging en genormaliseerd door dezelfde 
metingen op basis van het echobeeld met de beginpositie. De richting en amplitude 
van verplaatsing werden eveneens berekend. De vervormingsratio voor circulariteit was 
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personen. 
 hoofdstuk 8 onderzochten we de dynamica van carpale tunnel structuren in meerdere 
Û>i° `iÀ``iÀÌi «>ÌlÌi iÌ 
/- i {Ó VÌÀiÃ ÜiÀ`i }iVÕ`iiÀ`
in deze studie. De ernst van CTS werd ingedeeld volgens gevalideerde klinische en 
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verplaatsing en vormveranderingen werden berekend voor de nervus medianus, pezen 
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met klinisch verdenking op CTS en CTS bevestigd middels zenuwgeleidingsonderzoek. 
Daarnaast was er  een trend van toenemende excursie van de oppervlakkige buigpees 
en afnemende excursie van de diepe buigpees en een vergroot transversaal oppervlak en 
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en deze veranderingen kunnen worden gerelateerd aan de ernst van CTS.
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 >i*ÃÌÕ`iÌ\ Ƃ°ÕÃ
Erasmus MC Department: Plastic Surgery &
   Rehabilitation Medicine
Research School:   Nihes
 *«iÀ`\ äÇ££Ìän£x
*ÀÌÀi\ «Àv°`À°-°°,°ÛÕÃ
  «Àv°`À°°°-Ì>
Supervisor:  dr. R.W. Selles
Year Workload(ECTS)
Courses and academic skills 
- Biomedical English Writing and Communication
- ÌÀ`ÕVÌv,iÃi>ÀVi`Vi
- Principles of Research in Medicine
- Biostatistics for Clinicians
2012
2011-2012
2011-2012
2011-2012
3
1
1
1
- ÕÃVÕÃiiÌ>1ÌÀ>ÃÕ`VÕÀÃi]>ÀÀ}>Ìi]1Ìi`
}`
- Microsurgery Training, Erasmus Medical Centre, 
Rotterdam, the Netherlands
- Microsurgery Course, Mayo Clinic, Rochester, United 
States
- >`ÃÕÀ}iÀÞ}À>`ÀÕ`Ã>`ÀiÃi>ÀViiÌ}Ã
2011
2011-2012
2013
2011-2013
2
3
1
3
Presentations
- ÌiÀ>Ì>«ÀiÃiÌ>ÌÃ
- National presentations
2011-2015
2010-2013
3
6
Lecturing and supervising
- Supervising microsurgery (international and national) 
course
- Teaching 1st and 4th years medical students about the 
anatomy of the arm and hand 
- ÛÌi`«ÀiÃiÌ>ÌvÀ>`ÌiÀ>«ÃÌÃÌÀ>}`>Þ]
Rotterdam, the Netherlands
- Supervising BSc students at Erasmus MC and Mayo Clinic
2011-2012
2012
2013
2012-2013
1.5
3
1
3
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Ƃ> ÕÃ Ü>Ã LÀ   ÛiLiÀ xth] £nx  i] Ìi  iÌiÀ>`Ã°  Óää{ Ãi
}À>`Õ>Ìi`vÀÌi}7i>
i}i
ÕiLÀ}°iÀi>vÌiÀÃiÛi`Ì
,ÌÌiÀ`>vÀi`V>ÃV°ÕÀ}i`V>ÃVÃi` `iÞi>Àvi>Ì*VÞ>`
>>}iiÌ°ƂvÌiÀ}À>`Õ>Ì}VÕ>Õ`ivÀi`V>ÃVÃiÜ>Ã>VVi«Ìi`>Ã>*
ÃÌÕ`iÌ>Ì Ìi`i«>ÀÌiÌv*>ÃÌV>`,iVÃÌÀÕVÌÛi-ÕÀ}iÀÞ>`>`-ÕÀ}iÀÞ>`
the department of Rehabilitation Medicine and Physical Therapy, Erasmus MC, Rotterdam 
­ÃÕ«iÀÛÃÀÃ\«Àv°`À°-°°,°ÛÕÃ>`«Àv°`À°°°-Ì>®°ÕÀ}iÀ*ÃiÜiÌ Ì
the Orthopaedic Biomechanics lab at the Mayo Clinic, Rochester (MN), United States, for 
>ÀiÃi>ÀVviÜÃ«Õ`iÀÌiÃÕ«iÀÛÃv«ÀviÃÃÀƂ>`°	>Ãi`ÌiÀiÃi>ÀV
`i ÌiÀi] >   }À>Ì Ü>Ã >Ü>À`i`] ÜV >Ã ÀiÃÕÌi`  > V>LÀ>Ì «ÀiVÌ
LiÌÜiiÌi>Þ
V>`À>ÃÕÃ
°>vÜ>ÞÓä£{ÃiÃÌ>ÀÌi`ÜÀ}>Ã>ÀiÃ`iÌ
>ÌÌi`i«>ÀÌiÌv*>ÃÌV>`,iVÃÌÀÕVÌÛi-ÕÀ}iÀÞ>`>`-ÕÀ}iÀÞ]À>ÃÕÃ
]
,ÌÌiÀ`>>`Ã>>
VÃ]<Üi°ƂvÌiÀÌÃ«iÀ`ÃiV>}i`iÀ` ÀiVÌ>`Ûi`
ÌÜ>À`Ã>ÌiÀwi`ÜÌi`Vi°ƂvÌiÀ>Û}ÜÀi`vÀÇÌÃ>ÌÌi
>À`}Þ
`i«>ÀÌiÌ]>>ÃÃÌ>`Ã«Ì>],ÌÌiÀ`>]Ã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Ƃ>iÃÌiÃ}Þ]À>ÃÕÃ
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